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INTRODUCTION 
Transitions between different track support conditions can pose major problems for 
railways. These zones are located along tracks with different support stiffness, for 
example at the transition between soft soil and settlement free zones, or at the run on/off 
to structures such as box culverts or bridges. Problems with transitions on existing lines 
can cause poor track quality and subsequent excessive maintenance requirements or 
potential issues at structures due to increased dynamic interaction. Problems can be 
exacerbated by fluctuating environmental conditions and increased linespeeds. This 
dissertation presents a case study of 13 sites in the UK, and analyses existing data sets 
to better understand the causes, frequency and nature of deterioration. Operational 
transition sites and sites planned for remediation have been identified to better 
understand the performance of the various designs constructed. Transition solutions 
used comprise three different treatments. In the last few years, the National Railtrack 
commissioned Scott Wilson Railways (SWR) in conjunction with Scott Wilson 
Pavement Engineering (SWPE), of which many works of investigation were on 
different sites: the idea was to create a desk study to analyse all the sites investigated to 
find transition zones where the use of different methods of reinforcement was 
recommended. The most widespread type of reinforcement was the one that uses the 
geogrid, in line with the tendency most used in the UK in recent years. However sites 
were found in which the techniques of the polymers and of micropiles were 
recommended. The three treatments studied are characterised by the following features. 
 
a) GEOGRID REINFORCEMENT 
Geogrid is manufactured from a unique process of extrusion and then bi-oriented to 
enhance his tensile properties. It is manufactured from polypropylene and produced 
with high tensile stiffness in both longitudinal and transverse directions allowing load to 
be resisted at very low strains. It is designed specifically with large rigid square 
apertures having an optimum mesh size of 65 mm therefore maximising mechanical 
interlock with the railway ballast. Bi-oriented geogrid provides an effective way of 
reducing the rate of ballast settlement over soft subgrades. Independent trials have 
confirmed that it is the stiffness and the size of the geogrid apertures that determine the 
structural performance of pavements. Being chemically inert and having a high tensile 
strength and modulus, it is specifically produced for the reinforcement of soil.  
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Soil and aggregate interlock within the geogrid openings, which, confine the soil and 
limit its relative displacements and increase the soil's shear stress resistance. Soil 
compaction produces an interlock between the soil and both faces of the geogrid layer, 
thus it's necessary to reach a higher level of tension in order to overcome such an 
interlock and give rise to movement. The composite soil/geogrid structure therefore, 
acts as if it had an intrinsic tensile strength. The insertion of the geogrid thus produces a 
type of cohesion within materials that would be otherwise non-cohesive. The 
soil/geogrid structure integrates the fill soil high compressive strength with the geogrid's 
tensile strength, thus creating a material having greater rigidity and stability than the 
aggregate alone. 
 
b) POLYMER REINFORCEMENT (XiTRACK) 
This is a method of reinforcing and stabilising railway track using advanced polymer-
based technology. Through special mixing equipment, a two component rapidly reating 
polymer is applied in a controlled distribution to the ballast geo-matrix. As the polymer 
penetrates the ballast it forms a 3-Dimensional reinforcing cage, or GeoComposite, 
which allows the track to move in a designed manner. The GeoComposite permits the 
discrete nature of the ballast particles to be transformed into a highly resilient 
continuous flexible geo-pavement providing increased horizontal and vertical track 
stability. Flexibility and ductility in the track are maintained by the visco-elastic nature 
of the polymers. The engineering properties of the polymer are fully designable which 
allows differing levels of support strength, stiffness and damping to be achieved in the 
GeoComposite to ensure that the track retains desirable energy absorption properties. 
The polymer application is controlled in a designed way by the polymer properties, 
loading pattern and distribution on track. The polymers tested are rapid-curing and 
treatment is usually complete within a few hours and track can usually be re-opened at 
line-speed. The process still allows conventional methods of track maintenance to be 
used post-treatment (should the need arise) and drainage within the track is still fully 
maintained. There are patented techniques that have been specifically developed to meet 
the demands of modern ballasted track with increasing train axle weight, line-speed and 
track usage coupled with reduced maintenance schedules. The treatment can be used as 
a maintenance tool or during renewal to reduce track alignment problems which usually 
result in degraded ballast. Ballast performance is restored in a single treatment.  
 
c) MICRO-PILES 
This method of reinforcing railway track uses piles: these are 300 mm (12 inches) or 
less in diameter, employ a single rod or pipe and are grouted in place with Neat cement 
(water and Portland cement). A few " test" micropiles are generally installed and tested 
at the site to verify the capacity and installation technique prior to production micro 
piles. The production micro piles are generally not tested, but can be economically 
tested in tension (at half the compression load, or as per engineers recommendation). 
Compression testing requires three micropiles, two being used as reaction piles.   
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They were invented in Italy (first known as PaliRadici or Root piles). Micropiles found 
quick application in underpinning historical landmarks, but now compete for use with 
conventional larger diameter piles systems. Micropiles can replace conventional piles 
under most circumstances, and are especially economical where there is difficult ground 
conditions (caving, ravelling or rocky ground conditions) or where there is limited or 
difficult access or work space, like inside buildings for earthquake upgrades. They are 
installed much like tiebacks or soil nails, using rotary or percussion drilling rigs. 
Because of their smaller size, a wide variety of drilling techniques can be employed 
more economically, which makes their use so attractive: flight auger, tri-cone, 
percussion rod, down-the-hole-hammer, casing with auger, hollow grouting drill 
(Titan), percussion rod etc. Micropiles are finding ever greater acceptance with 
engineers and designers who are replacing traditional piles with micropiles to the 




By analysing the cases in which the 3 treatments introduced before were successful or 
not, it was possible to obtain important information about the behavior of different 
transition zones and on the treatment used. 
The aim of this thesis is to determine a ranking of the different methods of 
reinforcement used in the transition zones and to provide guidelines to help the choice 
of the most effective treatment in relation to the specific characteristics of the site  
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1 TRANSITION ZONES 
In rail transit systems, at-grade ballasted track frequently changes to a non ballasted 
track configuration or to ballasted track on a structure. The abrupt change in track 
support that can occur at these locations is often associated with accelerated rates of 
track geometry and component degradation, high maintenance demand, and poor ride 
quality. Accordingly, a number of techniques have been proposed to improve track 
performance by providing a transition to smooth the stiffness interface between the 
dissimilar track types. A review of typical transition designs, as found in the existing 
literature, and analyses of representative designs are the subjects of this digest. 
A review of published material dealing with track transition problems and solutions was 
undertaken as the initial phase of the study. The literature indicated that transitions were 
designed to (1) equalize the stiffness and rail deflection of the ballasted and 
nonballasted tracks, usually by controlling the resilience of the rail on the nonballasted 
track, or (2) provide a gradual increase in the stiffness of the ballasted track to match 
that of the nonballasted track. Several designs seek to increase the stiffness of the 
ballasted track by placing a structural element, such as concrete slabs or an asphalt 
pavement layer, between the track granular layer (ballast/subballast layers) and the 
subgrade. These structural layers are generally tapered or stepped to allow a gradual 
increase, or ramping up, of the stiffness within about 20 ft of the nonballasted track 
interface. Other designs seek to match the stiffness/deflection characteristics of the 
nonballasted track to the ballasted approach track using elastomeric pads at the rail seat 
or beneath the tie plates. This technique requires measurement of the ballasted approach 
track to determine its nominal stiffness and track modulus values and testing of the 
rail/tie pad stiffness characteristics to ensure that the pad stiffness matches the approach 
track modulus at the appropriate wheel loading. Elastomeric materials have also been 
placed on the bottoms of ties installed on ballast deck bridges to equalize the 
stiffness/deflection of the bridge and approach tracks. The following performance 
improvements were noted in case studies from the literature review: 
 Use of longer ties and a concrete approach slab by the Metropolitan Atlanta Rapid 
Transit Authority (MARTA) to transition from ballasted at-grade track to direct-
fixation structures. 
 Transition from at-grade ballasted track to a direct-fixation structure on a 
commuter/intercity passenger service railway in the United Kingdom using an 
approach slab along with vertically adjustable direct-fixation fasteners to allow 
design tamping of the ballasted approach track.   
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 Installation of stone columns to strengthen and improve the drainage of a weak 
bridge approach subgrade on a Union Pacific main line. 
 Use of a transition grade crossing system designed to smooth the track modulus 
across the approach to a highway crossing and reduce impact rail loads at the 
crossing on New Jersey Transit‘s Atlantic City line. 
 Installation of tie pads on open wood-tie bridge decks having stiffness/resiliency 
characteristics designed to match the track modulus of the approach track on 
Amtrak‘s northeast corridor (NEC) and on a Norfolk Southern mainline with 
freight/intercity passenger service. 
 Reducing the track modulus on a Union Pacific ballast deck bridge by replacing the 
existing concrete deck ties with composite (plastic) ties or with concrete ties with a 
rubber pad cast into the tie bottom. 
 
The importance of following geotechnical best practices regarding soil selection, 
compaction, and drainage of the approach subgrade was also discussed in a number of 
papers, especially highway research papers. A properly designed and constructed 
subgrade will have a nominal stiffness adequate for the applied load environment, will 
tend to perform consistently through wet and dry cycles, and will not be prone to 
differential settlement. These attributes make it easier to match the vertical response of 
the at-grade track and the track on a structure. It should be made clear that much of the 
literature reviewed was based on research performed on freight and intercity passenger 
tracks. There was not much literature generated from transit research. 
Although the higher wheel loads and speeds of freight/intercity rail traffic create more 
intense track transition problems than rail transit, the basic track performance issues are 
similar. Therefore, the experiences and results of research projects involving freight and 
intercity passenger tracks are considered applicable to the transit environment. 
 
Following the literature review, a number of representative track transition designs were 
analised using the GEOTRACK computer model. 
GEOTRACK is a well-established and validated model that predicts a quasi-static 
response of the track to an applied vertical wheel load. 
 
The analysis produced track modulus and vertical rail deflection values for a variety of 
track configurations: wood and concrete ties on low-, average-, and high-stiffness 
subgrades; at-grade track with concrete approach slabs and hot mix asphalt (HMA) 
underlayment; direct-fixation track with typical fastener pad vertical stiffness values; 
open deck bridges with wood ties; and ballast deck bridges with concrete ties. 
Three wheel loads considered to be representative of the rail transit environment were 
analised: 12,000, 15,000, and 22,500 lb. The 12,000-lb load was intended to represent 
light rail operations, the 15,000-lb load is the static weight of a Metro North cab car 
with full seated passenger load (Kentner et al.1994, p. 270), and the 22,500-lb wheel 
load represents the Metro North static wheel load plus a 50% dynamic factor. 
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Results of the GEOTRACK analysis were as follows: 
 Matching the rail deflection on direct-fixation track to the deflection of the at-grade 
ballasted track, through careful design and specification of the direct-fixation 
fastener vertical stiffness, provides the best possibility for an effective and seamless 
transition between the two track configurations. However, ballasted track on low-
stiffness subgrades also requires strengthening with either a concrete approach slab 
or HMA underlayment to match the direct-fixation track. Otherwise, the pad 
stiffness of the direct-fixation track would need to be unreasonably low. 
 A concrete approach slab placed between the ballast and subballast layers was the 
most effective technique for increasing ballasted track stiffness. HMA underlayment 
installed between the ballast and subgrade also produced benefits to low-strength 
track, but it was not as effective as concrete in increasing the stiffness of track on 
very low-stiffness subgrades. 
 Increasing the subgrade stiffness reduced the differences between concrete slab and 
HMA layer thicknesses. 
 Placing additional rails on the ties of the ballasted track to increase the stiffness of 
the track panel had modest benefits for low-stiffness subgrades. This condition often 
exists when bridge guard rails extend past the abutment onto the approach track. 
 Other changes to the track superstructure, such as reduced tie spacing, installation of 
longer ties, or installation of ties with larger cross sections had an insignificant 
effect on track modulus or rail deflections and, therefore, would not be especially 
effective transition designs. 
 
1.1 Background 
The metropolitan environments in which rail transit systems operate require the 
placement track not only in at-grade ballasted configurations, but also on bridges and 
elevated structures and in tunnels and street pavements. Locations where the at-grade 
ballasted track changes to a structure are often associated with accelerated rates of 
geometry and component degradation, high maintenance demand, and poor ride quality. 
In addition to deterioration of the track surface, alignment, and cross level, component 
problems can include exposed tie ends and reduced crib ballast from ballast migration, 
tie skewing and bunching, cracked concrete ties, accelerated plate cutting of wood ties, 
gage widening and loss of rail cant, deterioration of ballast from pumping and frequent 
tamping, and accelerated rail surface fatigue. The track interface at bridge abutments, 
grade crossings, slab/embedded track, and turnouts/rail crossings are potential problem 
areas, and it is generally recognized that effective transition designs may be required to 
optimize track performance at these locations. This digest presents the results and 
conclusions of an investigation into track transition designs. The investigation included 
a review of available literature from the railway industry and an analysis of designs 
thought to be representative of, and applicable to, the rail transit environment. 
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1.2 Definitions 
Definitions for terms used throughout this digest are listed below. 
  
Approach Slab—A reinforced concrete slab installed as a structural element in the 
track substructure to increase the stiffness/modulus of the track. Most slabs are 
reinforced concrete and are designed either with a taper to gradually increase the 
stiffness over an approach distance of about 20 ft, or are uniform in thickness but placed 
at an angle with tapering of the ballast depth to achieve the same ramping effect. 
 
At Grade—Track that is constructed on a prepared soil subgrade foundation. 
 
Ballasted/Nonballasted Track—Ballasted track has a layer of aggregate between the 
ties and the subgrade to distribute the applied wheel loads to the underlying layers; 
provide vertical, lateral, and longitudinal resistance to track panel movement; to drain 
moisture away from the ties; and to facilitate surfacing and lining of the track. Ballasted 
track is usually at grade, but it may be located on a structure (as in the case of ballast 
deck bridges). Nonballasted track designs vary, but, in the context of this digest, 
nonballasted track will be considered to be a directfixation track form. 
 
Damping—The capacity to attenuate, diminish, and/or control oscillations or 
deflections of an element of a system expressed as a unit of force that is dissipated per 
unit of distance and unit of time (lb/in./sec). Track damping is provided primarily by the 
resilience of rail seat and tie pads, by the resilience of the ballast layer, and by the 
friction between ties and ballast. 
Track that is highly resilient has more damping than track that is less resilient. 
 
Deep Pile Foundation—Foundations of aerial structure that are driven to bedrock. 
 
Design Tamping—A track surfacing technique developed in the United Kingdom in 
which the track is over-lifted to compensate for the rapid rate of initial settlement. 
 
Direct-Fixation Track—Nonballasted track in which the rail is mounted directly to a 
concrete base—such as the deck of an aerial structure, a tunnel invert, or an at-grade 
slab—with a direct-fixation fastening system. 
 
Elastomer—Polymer materials having the elastic properties of natural rubber. 
 
Fastener Stiffness—The combined stiffness, expressed as the unit of applied force per 
unit of deflection (lb/in.), of the fastening system and the tie at a specific applied load. 
For wood-tie track with steel-tie plates and no tie pads, the fastener stiffness is basically 
the compressibility of the wood. 
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Fastener stiffness of concrete-tie track is primarily the stiffness of the rail seat pad and 
pads on the tie bottom, if used. The stiffness of concrete-tie pads can vary between 300 
and 2,000 kip/in. Fastener stiffness on direct-fixation track consists of the resilience of 
the elastomeric elements of the fastening system. Typical direct-fixation track fastener 
stiffness values are between 100 and 300 kip/in. 
 
GEOTRACK Model—A computer model that represents the track as a multilayered 
elastic structure and predicts the quasi-static response of the track to an applied wheel 
load. Input parameters include rail, tie, and substructure layer definitions as well as 
wheel load. Output parameters include rail deflections, track modulus, 
tie/ballast/subgrade pressures, and tie bending moments. 
Reference is made to GEOTRACK several times in this digest‘s literature review (see 
―Track Transition Literature Review‖) and is the basis of the analysis described in the 
section titled ―Analysis of Representative Track Transition Designs.‖ A more detailed 
description of GEOTRACK is also included in this section. 
 
Hot Mix Asphalt (HMA) Underlayment—A layer of asphalt pavement that is 
installed in ballasted track as a structural element in the substructure to increase the 
bearing capacity of the subgrade. Typical HMA layer thickness varies between 8 and 12 
in. and can be installed between the ballast and subballast layers or directly on the 
subgrade in lieu of a granular subballast layer. HMA is a mixture of aggregate and 
bitumen, and its stiffness properties can be designed by varying the ratio of the 
constituents and the aggregate particle size distribution. Recommended use of HMA in 
the rail transit environment is available online from the Asphalt Institute. 
 
Resilient Modulus (Er)—A geotechnical parameter that is expressed as a unit of force 
per unit of area (ksi) and is used to define the elastic response of a soil to load. In the 
context of this digest, Er can be thought of as being equivalent to the modulus of 
elasticity. Typical values range from 2 ksi for a lowstrength soil, such as a high-
plasticity clay, to 20 ksi for granular soil that has been placed at optimum density. Er is 
also used to describe the resilient behavior of aggregate materials such as ballast and 
pavements. 
 
Track Stiffness/Track Modulus—Track stiffness is the ratio of an applied vertical 
force to the vertical deflection of the rail and is expressed as a unit of force per unit of 
deflection (lb/in.). Track modulus is the supporting unit of force per unit length of rail 
per unit rail deflection (lb/in./in.). Track stiffness includes the bending stiffness of the 
rail, whereas track modulus is concerned only with the support condition below the rail. 
A further discussion of these parameters is included in the section titled ―Track Stiffness 
and Modulus‖. 
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1.3 Track Transition Literature Review 
Track transition issues affect all types of rail operation, and a number of papers have 
been written defining the causes and/or proposing solutions. The results of a limited 
number of case studies have also been documented. The purpose of this section is to 
summarize the existing literature in terms of problem definitions, case studies, and 
recommended designs and proposed mitigation techniques. Please note that although a 
few papers are specific to rail transit, much of the existing literature is related to the 
freight and intercity passenger rail environments. 
 
1.3.1 Problem Definition 
According to Li and Davis (2005) and Li et al. (2003), track transition problems, 
specifically problems at bridge approaches, can be attributed to the following factors: 
 
 An abrupt change in the vertical stiffness of the track causes the wheel to experience 
an equally abrupt change in elevation because of the uneven track deflection. The 
change in elevation causes vertical acceleration of the vehicle mass that generates an 
increase in the applied loading. This mechanism can be selfperpetuating as the 
dynamic loads increase the differential deflections and settlement leading to even 
higher forces (Kerr and Moroney 1993; Frohling et al. 1995; Hunt and Winkler 
1997). The effect of the load increase depends on the direction of the train. When 
the train is moving from a higher to a lower stiffness condition—such as exiting a 
bridge deck, grade crossing, or tunnel invert—the dynamic load is applied to the 
lower-stiffness track, increasing the rate of settlement. This condition is 
characterised by deterioration of the track geometry, ballast migration, and tie 
movement on the lower-stiffness track, as shown in Figure 1. When the train is 
moving from a lower- to higher-stiffness track, the load increase occurs on the high-
stiffness side of the transition over a short distance and is more of an impact 
loading. In this situation, typical problems are rail surface fatigue, tie deterioration, 
and rail seat pad deterioration as Figure 2 shows. In addition to the track stiffness 
change, the damage potential at track transitions is related to vehicle axle loads, 
speeds, and suspension characteristics. 
 
 Even if the dynamic effects are minimal, at grade ballasted track may inherently 
settle more than ballasted track on a structure or directfixation track, creating a dip 
in the surface at the transition. This is especially true when the structure abutment is 
built on a deep pile foundation where settlement is negligible. 
 
 Settlement of at-grade track can be highly variable because of geotechnical issues 
affecting the subgrade performance such as lowstrength soils, deficient soil 
placement and compaction, poor drainage, and erosion (Briaud et al. 1997; Smekal 
1997; Hoppe 2001). Environmental factors such as wet/dry and freeze/ thaw cycles 
also affect subgrade settlement behavior.  
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Sasaoka and Davis (2005) categorize track transition problems and solution approaches 
in terms of differential settlement, track stiffness, and damping changes that are intrinsic 
to the different structuresUsing analytical techniques, an optimum damping value of 
300 lb/in./sec/tie/rail was suggested for railway track that is adequately resilient and 
capable of efficiently distributing dynamic loads, particularly the higher-frequency 
impact loads. Field tests, however, showed a value of 50 lb/in./sec/tie/rail to be typical 
of stiff structures such as ballast and open deck bridges. Increased track damping on 
these structures will attenuate the dynamic loading at transitions. 
It is clear that the above issues are related and whether considered from the viewpoint of 
uneven track stiffness and deflections or differential settlement driven primarily by 
geotechnical conditions, the goal of any technique intended to improve the performance 
of transition track is to minimize dynamic loads by equalizing or smoothing the vertical 








Figure 2 Cracked concrete ties at the abutment of a freight railroad ballast deck bridge caused 
by impact loads.  
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1.4 Track Stiffness and Modulus 
This section briefly discusses the terms ―track stiffness‖ and ―track modulus‖. 
 
a. Track stiffness (k) is the ratio of the applied wheel load (P) to rail deflection (y): 





b. Hay (1982) and others define track modulus as the supporting force per unit length 






u the track modulus (lb/in./in.). 
E the rail modulus of elasticity. 
I the rail moment of inertia. 
 
It is important to note the fundamental difference between track stiffness and track 
modulus: track stiffness includes all track components, including the rail, whereas the 
track modulus calculation excludes the flexural stiffness of the rail and only represents 
the rail support condition. Track modulus is considered to be an important indicator of 
track quality and strength and is a required term in many track design calculations. 
Although ballasted track modulus is not often measured directly, as is the case with 
track geometry, measured track modulus values that have been published for specific 
track configurations in the freight operating environment (Kerr and Moroney 1993; Hay 
1982; Read et al. 1994) indicate that moduli of 2,500 lb/in./in. or higher are typical of 
stable track structures, and values less than 1,500 lb/in./in. would be indicative of track 
prone to significant rail deflection and rapid track geometry degradation. To equate 
these numbers to rail transit, reference is made to Chapter 4 of TCRP Report 57: Track 
Design Handbook for Light Rail Transit, in which similar values are listed (Parsons 
Brinckerhoff Quade & Douglas, Inc. 2000). TCRP Report 57 gives typical modulus 
values for goodquality, timber-tie ballasted track as 2,000 to 2,500 lb/in./in. and 5,000 
to 8,000 lb/in./in. for concretetie track. Extremely high track modulus can also 
adversely affect track performance. According to Redden et al. (2002), track modulus 
values higher than 10,000 lb/in./in. are undesirable because of the propensity for 
increased dynamic loads. Because the track is a resilient load distribution system, a 
decrease in resilience caused by a stiff support condition also decreases the transfer of 
wheel loads to adjacent ties, thereby increasing rail seat forces and ballast pressures. 
Lack of resilience also tends to amplify impact rail forces that are generated by wheel 
and rail surface anomalies and the high-frequency rail vibrations associated with them. 
These highfrequency vibrations are often associated with corrugation development 
(Ahlbeck 1990; Hay 1982) and can generate undesirable noise and vibration conditions. 
As stated, track modulus represents the overall stiffness of the rail support system 
including rail fasteners and pads, ties, ballast, and subgrade.   
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A parametric study performed by Selig and Li (1994), using the GEOTRACK model, 
indicated that stiffness of the subgrade was the most influential parameter of ballasted 
track modulus. Secondary influence parameters included the granular layer (ballast and 
subballast) thickness, rail fastener pad stiffness, and tie type (wood or concrete). Tie 
spacing and tie dimensions had minimal influence on the modulus. These findings 
implied that (1) maintenance activities not directly related to improvement of the 
subgrade, such as surfacing and tie renewals, will not significantly affect the track 
modulus and (2) environmental conditions that may affect subgrade properties and 
strength, such as wet/dry and freeze/thaw cycles, can substantially change track 
modulus on a seasonal basis. 
The modulus of direct-fixation track is almost entirely a function of the stiffness and 
resilience of the elastomeric elements in the rail fastening system.  
The modulus of direct-fixation track is, therefore, much more consistent and easier to 
estimate than that of at-grade ballasted track. 
 
1.5 Transition Problems Test Results 
The following section presents the results of tests sponsored by the Association of 
American Railroads and the Federal Railroad Administration on freight railroad 
transition problems. 
 
1.5.1 Track Geometry Degradation (Differential Settlement) 
Figure 3 shows a comparison of the results of tests on average track settlement on four 




Figure 3 Comparison of track settlement accumulated over a maintenance interval (elevation 
change of unloaded rails). 
 
As illustrated, the approaches experienced more track geometry degradation than the 
tracks on the bridges and the open tracks.   
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The settlement of the track on the bridges was approximately one-third of the settlement 
from the bridge approaches. Figure 4 further illustrates the differential nature of track 





Figure 4 Settlement in approach areas (track settlement on bridges not shown, negative and 
positive distance indicate two approaches for each bridge). 
 
Figures 3 and 4 show accumulated track geometry degradation (differential track 
settlement). These results were measured from the unloaded rail surfaces using survey 
equipment. Figure 5 shows the deflection profile results obtained under the TLV (Track 
Loading Vehicle) moving test load (40-kip wheel load) for one of the four sites tested. 
The results were obtained after a surfacing maintenance operation, when the unloaded 
track profiles were ―smooth.‖ Nevertheless, as illustrated in Figure 5, the approaches 
still showed large and variable track deflections under load, indicating an apparent 
factor contributing to poor vehicle/track interactions. Note that deflection results shown 
in Figure 5 included not only the contribution from the ballast, subballast, and subgrade 
layers, but also the contribution of possible gaps and slacks between ties and ballast, 




Figure 5 Loaded track deflection profile.  
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1.5.2 Track Modulus 
Figures 6 and 7 show track modulus test results obtained for two railroad ballast deck 
concrete bridges (with concrete ties) and their approaches (Li and Davis 2005).  
As shown, the track structure on concrete bridges had high stiffness characteristics.  
On average, the measured track modulus on these bridges was approximately 10,000 
lbs/in./in., which, as mentioned previously, is too high to accommodate desirable 
vehicle/track dynamic interaction. In addition, the change of track stiffness between 








Figure 7 Track modulus test results (Site 3). 
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1.6 Discussion of Transition Remedies 
In the literature, a number of remedies have been proposed or used to provide gradual 
stiffness transition. The following is a summary and discussion of those remedies. 
 
1.6.1 Kerr and Moroney (1993) Transition Categories  
Kerr and Moroney propose the following three categories of track transition remedies: 
 Smoothing the stiffness/modulus step change at the interface by gradually 
increasing stiffness on the lower-stiffness side of the transition, as shown in Fig 8. 
 Increasing the bending of the rail-tie structure (track panel) on the low-stiffness side 
of the transition. 
 Lowering the stiffness on the high side of the transition. 
 
Figure 8 Transition remedy in which the stiffness step change is modified with a gradual 
increase in stiffness. 
 
1.6.2 Increasing Track Stiffness with Long Ties 
One of the oldest, simplest, 
and most widely used 
transition designs is 
installation of a series of 
increasingly longer ties on 
the ballasted track side of 
the transition. A typical 
layout is found in Plan No. 
913-52 of the American 
Railway Engineering and 
Maintenance of Way 
Association (AREMA) 
Portfolio of Trackwork 
Plans (AREMA 2005a) and 




Figure 9 AREMA Plan No. 913-52 approach ties for open deck bridges and trestles.  
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1.6.3 MARTA Variable Length Timber-Tie Transition 
A case study was published by Patel and Jordan (1996), involving the Metropolitan 
Atlanta Rapid Transit Authority (MARTA), in which four 10-ft timber ties followed by 
four 11-ft and four 12-ft timber ties were installed at 24-in. centers as a transition 
between ballasted at-grade, concrete-tie track and direct-fixation structures. The 
transition also included a 20-ft-long concrete transitional slab on the ballasted track 
approach. After modeling a number of options with GEOTRACK, the design shown in 
Figure 10 was chosen for the test. Patel and Jordan (1996) indicate that the variable 
length design reduced maintenance costs by a factor of 3 when compared to designs that 
included the approach slab but not long ties. The variable length design has been 




Figure 10 MARTA variable length timber-tie transition design.  
Transition Zones  SECTION 1 
17 
UNIVERSITA‘ DI PISA 
1.6.4 HMA Underlayment 
The positive performance of an HMA pavement layer placed between the subgrade and 
ballast to reinforce weak subgrades is well documented in Rose 1998, Rose et al. 2002, 
and Li et al. 2001. These studies indicate that when properly designed and installed an 
HMA layer will reduce subgrade stresses and differential settlement and extend track 
maintenance cycles. Because it is a structural layer, HMA can reduce subgrade stresses 
to levels that will not exceed the compressive strength of low-strength soils.  
However, in tests on the Union Pacific Railroad, Li and Davis (2005) found that HMA, 
placed on the approach to a ballast deck concrete bridge with a well-compacted 
subgrade, did not reduce the geometry deterioration of the approach compared with a 
similar approach without HMA. In the Li and Davis 2005 study, the track modulus of 
the approach with HMA was about 6,000 lb/in./in., which was very similar to the 
modulus of the non-HMA approach. The modulus on the ballast deck bridge in both 
cases was between 9,000 and 12,000 lb/in./in. The test data indicated that the HMA 
layer provided little improvement to a subgrade with high load-bearing capacity, and the 
differential settlement seen on the approaches was caused primarily by settlement in the 
ballast layer rather than the subgrade.  
These results suggest that HMA and other methods used to improve performance of 
weak subgrades, such as geocell and soil cement, will not improve ballast performance 
on stiff subgrades. For cases in which the approach track stiffness is already high, it 
would appear that trying to further increase the approach stiffness is not as effective as 
reducing the stiffness of the bridge track. 
 
1.6.5 Increasing Approach Stiffness at Grade Crossing 
A transition to improve ride quality and maintenance demand at the approach to a grade 
crossing is described by Zarembski and Palese (2003). In this case, a transition grade 
crossing design was developed, installed, and tested on New Jersey Transit‘s Atlantic 
City line. The design was developed with the aid of an analytical model and provides a 
transition from low-modulus ―parent‖ track to a high modulus, concrete-panel grade 
crossing in the following steps: 
1. Standard track with spikes and wood ties, 
2. Wood ties with Pandrol clips, 
3. 10-ft ties with Pandrol clips and single 8-ft field-side crossing panel installed 
between the rails, 
4. 10-ft ties with Pandrol clips and 8-ft gage-side crossing panel installed between the 
rails, 
5. Full 24-ft crossing. 
 
Measurements of track modulus and vehicle acceleration taken before and after 
installation of the transition grade crossing indicated that the transition was effective at 
smoothing the track stiffness difference and that a 77% reduction in the dynamic 
overloading in the crossing had been achieved.  
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1.6.6 Additional Rails 
The German Federal Railways have developed a design for the InterCity Express (ICE) 
high-speed lines on which lengths of rails are installed between the running rails and on 
the field side of the running rails to stiffen the ballasted track panel (Kerr and Moroney 
1993). This condition often exists by default, when guard rails installed on open deck 
bridges extend beyond the abutment to the ballasted track. 
 
1.6.7 Concrete Bridge Approach Slabs 
A reinforced concrete slab that rests on the abutment or slab structure and is tapered 
toward the atgrade end is often used at transitions to direct-fixation aerial structures and 




Figure 11 Transition design from TCRP Report 57: Track Design Handbook for Light Rail 
Transit (Source: Parsons Brinckerhoff Quade and Douglas 2000).  
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AREMA recommends using a slab that is a minimum of 20 ft long and that is tapered 
from 18 in. at the structure end to 12 in. at the at-grade end. TCRP Report 57 (Parsons 
Brinckerhoff Quade & Douglas 2000) shows a slab that is 12 in. thick and 20 ft long 
over which the ballast depth tapers from 12 in. at the structure end to 14 in. at the at-
grade end (see Figure 11). 
General specifications for an approach slab design, based on a successful trial in the 
United Kingdom, are provided by Sharpe et al. (2002). In addition to the slab, this 
design calls for vertical adjustment of the rail on the direct-fixation bridge deck. The 
adjustable fasteners permit the rail on the ballasted side to be raised higher than the 
desired final elevation and to settle to the desired final elevation (design tamping). The 
paper indicates that incorporating the design-tamping capability has improved the 
transition performance over that of an approach slab by itself. The use of approach slabs 
is also a common highway transition practice (Briaud et. al. 1997). The most successful 
highway slabs have slope changes of 1/200 or less, which is more gradual than railway 
designs, which are typically 2-in. changes over 20 ft or 1/120.  
 
1.6.8 Slab Track Approach 
Concrete approach slabs 25 ft in length were installed at the Transportation Technology 
Center (TTC) in Pueblo, Colorado, to provide the transition from at-grade, concrete-tie 
track to a 500-ft-long concrete slab track test section (Bilow and Li 2005). The cast-in-
place, 12-in.-thick reinforced concrete approach slab, prior to construction of the slab 
track, is shown in Figure 12. This transition design uses concrete ties with about 16 in. 
of ballast between the ties and the approach slab. The slab also has vertical walls to 




Figure 12 Slab track transition at TTC. 
 
Track modulus data taken on the completed track (see Figure 13) showed the modulus 
at the approach slabs to be more than two times the modulus of the slab itself.   
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In this case, the stiffness of the slab track direct fastening system had been successfully 
designed to approximate the nominal modulus of the surrounding wood-tie track 
(approximately 2,500 lb/in./in.). But the approach slab transition was over designed, 




Figure 13 TTC slab track modulus data showing increase in modulus of the approach slabs. 
 
1.6.9 Stone Columns 
Stone columns (geo-piers) were installed at the Union Pacific Cedar River bridge 
approach for longterm performance monitoring (Davis et al. 2003). A stone column is 
simply a hole, 30 in. in diameter and 7 ft deep, that is bored into the subgrade beneath 
the rail seat and backfilled with aggregate material that is compacted in 6-in. layers. In 
this case, 10 pairs of columns spaced longitudinally at 5-ft centers were installed (see 
Figures 14 and 15). Stone columns are designed to strengthen and enhance drainage of 
weak subgrades. The test results have been positive, with no record of maintenance at 




Figure 14 Hole boring in approach subgrade for stone column.  
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Figure 15 Stone columns installed in approach subgrade. 
 
1.6.10 Piles and Micro Piles 
In addition to stone columns, Li et al. (2003) indicate that other types of piles, including 
concrete, timber, and sand columns are accepted methods of stabilizing weak subgrades. 
Unless the end of the pile is on a firm foundation, skin friction provides most of the load 
transfer capacity. Therefore, the pile‘s effectiveness will depend on its length, and 
different lengths can be used to smooth the stiffness of the approach.  
 
Micropiles, also known as minipiles, (and less commonly as pin piles, needle piles and 
root piles) are deep foundation elements constructed using high-strength, small-
diameter steel casing and/or threaded bar. Capacities vary depending on the micropile 
size and subsurface profile. Allowable micropile capacities in excess of 1,000 tons have 
been achieved. The micropile casing generally has a diameter in the range of 3 to 10 
inches. Typically, the casing is advanced to the design depth using a drilling technique. 
Reinforcing steel in the form of an all-thread bar is typically inserted into the micropile 
casing. High-strength cement grout is then pumped into the casing. The casing may 
extend to the full depth or terminate above the bond zone with the reinforcing bar 
extending to the full depth. The finished micropile (minipile) resists compressive, 
uplift/tension and lateral loads and is typically load tested in accordance with ASTM D 
1143 (compressive), ASTM D 3689 (uplift/tension), and ASTM D 3966 (lateral).  
The technique has been used to support most types of structures. Many geotechnical 
construction companies have the capability of combining their micropile technology 
with one or more of their other ground modification techniques to meet unique or 
complex project requirements cost-effectively and efficiently. Lines of micropiles 
spanned by wooden lagging can be ideal where excavation walls are required in low 
headroom and other confined areas.   
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Post-grouting within the bond length can increase frictional forces with surrounding 
soils, thus achieving greater capacity.  
Micropiles can serve to ―stitch‖ the soil together, within predicted shear zones to 
enhance mass stability. In liquefiable profiles micropiles can transfer loads to competent 
bearing strata to conform to seismic design requirements. Underpinning of foundations 
adjacent to planned excavations is another micropile application. 
For planned foundations in areas with multiple underground utilities, the cost of a cast-
in-place piling system may often be substantially increased by the expense of utility re-
routing, creation of adequate access, and sometimes even a shutdown of facility 
operations. These complications are often an issue: small diameter micropiles can be 
installed while avoiding existing utilities. Moreover, micropiles greatly alleviate the 




Figure 16 Common micropile applications  
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Figure 18 Typical micropile section and details  
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1.6.11 Geogrid Reinforcement 
The use of geogrids in road and railway projects is becoming an important practice all 
around the world for solving many design and construction problems. Applications 
include: reinforced soil walls and steep slopes, asphalt reinforcement, stabilisation of 
road and railway bases on soft ground, basal reinforcement of embankments on soft 
soil, spreading of load over piles. Below we presents the various applications, focusing 
on the technical details and providing sketches about the available design methods. 
Then the characteristics required for the geogrids are introduced, together with the 
related testing methods. Specific geogrids presently available on the international 
market are introduced and practical recommendations are provided. 
 
1.6.11.1 BASIC PRINCIPLES OF REINFORCED SOIL 
A simple model helps to explain the principle on which the reinforced soil techniques 
are based. Let us consider the soil element in Figure 16, which is part of an infinite mass 
of soil: the application of a vertical stress σv causes a deformation in the elemet and the 
consequent horizontal stress σh caused by the lateral compression suffered by the 
adjacent soil. Horizzontally the soil element undergoes a ―tensile deformation‖ εv , 
which is one of the principal causes of local failure. When, as in Figure 16b, a 
reinforcing element is put in the soil, the application of a vertical stress is followed by 
the deformation of the soil element and the extention of the reinforcement. This 
extension then generates a tensile strength T in the reinforcement, which in turn produce 
a horizontal stress σh . This stress, which also provides a confinement action on the soil 
granules, greatly contributes to resist the horizontal forces and to reduce the horizontal 
deformations. Therefore the inclusion of a geogrid into the soil mass reduces the 
stresses and strains applied to the soil: on the other hand the vertical stress σv applied to 
the soil mass can be increased, compared to the unreinforced soil, at equal 
deformations. With regards to the resistance to the shear stresses, according to Figure 17 
in a non-cohesive soil element we have: 
 𝜏𝑦𝑥  𝑚𝑎𝑥 = 𝜎𝑦 × 𝑡𝑎𝑛𝜙𝑚𝑎𝑥  
Where: 
– 𝜙𝑚𝑎𝑥 = maximum angle of shear resistance of soil; 
–  𝜏𝑦𝑥  𝑚𝑎𝑥 = maximum overall shear stress provided by the soil 
When the soil element is crossed by a reinforcing element which makes a θ angle with 
the shearing direction (Figure 18), the state of stress is modified because the tension T 
generates a shear stress produced by tangential component  T × cos θ generates another 
τyz  caused by the friction angle ϕmax  in the soil.  
Therefore: 
(𝜏𝑦𝑥𝑟 )𝑚𝑎𝑥 = 𝜎𝑦𝑟 × 𝑡𝑎𝑛 𝜙𝑚𝑎𝑥 + (
𝑇
𝐴𝑠
) × 𝑐𝑜𝑠 𝜃 × 𝑡𝑎𝑛𝜙𝑚𝑎𝑥 + (
𝑇
𝐴𝑠
) × 𝑠𝑖𝑛 𝜃 
Where: 
– 𝐴𝑠= area of the soil element; 
–  𝜏𝑦𝑥𝑟  𝑚𝑎𝑥 = maximum overall shear stress of the reinforced soil.  
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) × 𝑐𝑜𝑠 𝜃 
 
While the maximum shear stress which the soil can carry is increased. 
The main advantages of a reinforced soil structure are the following: 
– Lower global cost: the possibility to build with steeper slopes reduces the 
quantity of the material needed for an embankment; 
– Moreover, it is possible to use less valuable and then cheaper materials; 
– Improved stability: the reinforcement guarantees an improvement in the Factors 
of Safety; 
– It is possible to build directly on low bearing capacity soils; 
– A reinforcement on the base allows to build on soft soils, that would normally 
request a preliminary consolidation and great caution during construction. 
 
 
Figure 19 Stresses and strains due to vertical load 

















Figure 21 Shear stresses in an reinforced soil element  
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1.6.11.2 POLYMERIC REINFORCEMENT  
Polymeric reinforcement takes many forms, such as strips, grids or sheets which may or 
may not be connected to a facing. Like steel strips, polymeric strips are installed at 
predetermined vertical and horizontal spacings. In contrast, grids or sheets are usually 
installed as full width reinforcement in which case only a vertical spacing is specified. 
The most commonly used polymers are polyester and polyolefins although aramid and 
carbon fibre reinforcements are available. All polymeric materials used in the 
manufacture of fill reinforcement are subject to molecular orientation during production 
to minimise the effects of creep.  
 
 POLYESTER (PET)  
Polyesther is a polymer commonly utilized in the form of fibres. The most common 
form (Fig. 22) of Polyester is Polyethylene Terephtalate (PET), which is obtained by 
condensation of a dibasic acid and a dialcohol. It is composed of groups of ethylene and 
groups of terephtalate. The plain aromatic group stiffen the structure of the mulecular 
chain. The esteric groups of Polyester are either positive or negative, therefore they 
attract each other, allowing the adjacent polymer chains to line up in christalline form. 
This allow the production of thin fibers of high tenacity.  
 
Figure 22 The molecular structure of Polyethylene Terephtalate (PET)  
 
– The PET fibers can be composed into high strength yarns, which can be woven or 
knitted to produce high strength geotextiles and geogrids.  
– Geotextiles and geogrids produced with high tensile modulus Polyester yarns 
present high tensile strength with excellent low creep properties. PET is generally 
sensitive to chemical degradation due to hydrolosis in very acid (pH<2) or very 
alcaline (pH > 12) environvent. The resistance against chemical degradation is 
influenced by the molecular weight Mw and by the carboxyl end group (CEG) of 
the polymer used to make the fibres. The higher the Mw and the lower the CEG, the 
better the yarn performance. 
 
 ARTER® AND MACRIT®  
Many companies produce geogrids and geotextiles based on high tenacity PET yarns. 
Geosynthetics range presently can include the following products:  
 
– ARTER®: is a D.O.S. (Directionally Oriented Structure) textile geogrid 
manufactured by means of warp knitting technology with weft insertion (Fig. 23C). 
In the D.O.S. structure the elongation is only due to the yarns used, while there is no 
practical elongation of the geogrid structure, since the yarns are straight and parallel. 
ARTER geogrids are differentiated between ARTER® GTS (Fig. 23A), which is 
coated with EVA polymer, and ARTER® GT (Fig. 23B), which is uncoated.   
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                 A)                                                   B)                                                  C) 
 
Figure 23: ARTER® geogrids: A) ARTER® GTS; B) ARTER® GT; C) The D.O.S. structure 
 
– MACRIT®: is a geocomposite consisting of a nonwoven geotextile coupled to a 
monoaxial or biaxial D.O.S. geogrid reinforcement (Figure 24); the geogrid has the 
same characteristics of ARTER® GTS, while the nonwoven geotextile provides 
drainage, separation, and filtration features. 
 
 
                 A)                                                   B)                                                  C) 
 
Figure 24 MACRIT® geocomposites: two of the available products (A and B) and the structure 
(C) 
 
– ARTER® GTS, ARTER® GTS A, and MACRIT® GTS V: are both coated with 
EVA (Ethylene vynilacetat) polymer (Figure 25) and were specifically developed 











Figure 25 ARTER® GTS and MACRIT® GTS V.  
Transition Zones  SECTION 1 
28 
UNIVERSITA‘ DI PISA 
– MULTIAXIAL: is a D.O.S. multiaxial textile geogrid, manufactured by warp 
knitting technology (Figure 26); it is a unique product, the most technologically 
advanced geogrid presently on the market; thanks to the othogonal and diagonal ribs 











Figure 26 MULTIAXIAL is a geogrid with both orthogonal and diagonal ribs  
 
The presence of high tenacity Polyester yarns ensure the best technical characteristics.  
The high creep resistance of a good geosynthetics was demonstrated by creep and creep 
rupture testing performed on the high tenacity yarns through the Stepped Isothermal 
Method (SIM). SIM creep test starts with a constant load applied to the yarns at a 
reference temperature. After a specified time exposure and without releasing the applied 
load, the temperature is increased rapidly. This procedure is repeated for several 
temperature steps. The number, height and duration of the temperature steps are 
designed to produce a master curve of creep strain and creep modulus over a long 
period. Extrapolation of results up to 1,000,000 hours (115 years) is possible and it 
allows to determine the creep properties of the polyester yarns over the entire design life 
of a civil engineering structure. The master creep modulus curves of the yarns are 
shown in Figure 27 for a creep load equal to 60 % of the ultimate tensile load. It can be 
noted that, even at such high sustained load, the strain at 100 years never exceed 9 %.  
Moreover the CEG of the PET used for the yarns is always in the range of 15 - 25 
meq/kg and the Mw is always higher than 50,000 g/mol, thus ensuring the highest 
chemical resistance. This confirms the high technical characteristics of geosynthetics 




 Figure 27 Results of SIM creep tests on PET yarns used in a good geosynthetics   
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1.6.11.3  GEOSYNTETHICS IN ROADWAYS AND RAILWAYS 
BASES  
 Roadways and railways may fail due to structural deficiencies, which can occur 
expectedly at the end of the design life or prematurely. The development of permanent 
strain in the base and subgrade materials with continued traffic loading can eventually 
result in an excessive rut depth. In this case, geosynthetic reinforcement of the roadway 
system could be used to enhance structural characteristics. In another case, the mixing 
of the subgrade with the base course would lead to a deterioration of the mechanical 
properties of the base course layer. In this situation, use of a geosynthetic 
separator/filter would ensure the structural integrity of the base aggregate and the 
capacity of the roadway. Geosynthetics can be used to reduce the design cross-section 
of the roadway such that a roadway of equal life results. Alternatively, geosynthetics 
can be added to the original design cross section to extend the life of the roadway and to 
decrease maintenance costs. Geosynthetics can also be used to great advantage during 
the construction of a roadway over soft soils where separation and reinforcement can 
aid in the construction of a working platform for the remaining construction.  
Geosynthetics (geogrids and geotextiles) in roadways play functions that fall into four 
categories: reinforcement, separation, filtration and drainage.  
 
1. REINFORCEMENT: 
The function of reinforcement pertains to the ability of the geosynthetic to aid in 
supporting vehicular traffic loads, where these loads may be due to construction traffic 
or daily operating traffic. Reinforcement plays the function of lateral base course 
restraint and the tensioned membrane function. 
Lateral Base Course Restraint: the reinforcement function of lateral base course restraint 
develops through shear interaction of the base aggregate with the geosynthetic 
contained in or at the bottom of the base layer (Figure 28).  
 
 
Figure 28 Lateral base course restraint mechanism   
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The development of shear interaction at the base-geosynthetic interface potentially 
results in four reinforcement mechanisms commonly lumped together under the heading 
of lateral base course restraint.  
 
As illustrated in Figure 29, vehicular loads applied to the roadway surface create a 
lateral spreading motion of the base aggregate. Tensile lateral strains are created at the 
bottom of the base as aggregate moves down and out away from the applied load. 
Lateral movement of the base aggregate allows for vertical strains to develop leading to 
a permanent rut in the wheel path.  
Placement of a geosynthetic layer or layers in the base aggregate allows for shear 
interaction to develop between the base and the geosynthetic as the base aggregate 
attempts to spread laterally. Tensile load is in effect transmitted from the base aggregate 
to the geosynthetic layer.  
Since the geosynthetic is considerably stiffer in tension as compared to the base 
aggregate, far less lateral tensile strain develops in the system. This first reinforcement 
mechanism results from less lateral strain being developed in the base, which results in 
less vertical deformation of the roadway surface. The shear stress developed between 
the base aggregate and the geosynthetic provides an increase in lateral stress within the 
bottom portion of the base. This increase in lateral confinement leads to an increase in 
the mean hydrostatic normal stress in the aggregate.  
Granular materials generally exhibit an increase in elastic modulus with increasing 
mean stress, meaning that the base aggregate becomes more stiff when adequate 
interaction develops between the aggregate and the geosynthetic.  
This second reinforcement mechanism, an increase in modulus due to lateral 
confinement of the base, also results in less vertical strain being developed in the base 
aggregate.  
While this mechanism controls the development of rut depth, it might also be expected 
that an increase in modulus of the base would result in lower dynamic, recoverable 
vertical deformations of the roadway surface, meaning that fatigue of an asphalt 
concrete layer in a flexible pavement would be reduced by this mechanism.  
For layered systems, where a weaker, less stiff subgrade material lies beneath the base 
aggregate, an increase in modulus of the base also means that this layer will aid in 
distributing load on the subgrade. This third reinforcement mechanism reduces vertical 
stress in the base and in the subgrade beneath the centerline of the wheel.  
A reduction of vertical stress results in lower vertical strain in these layers. As a result 
of an improved load distribution, the deflected shape of the roadway surface would have 
less curvature.  
The presence of a geosynthetic layer in the base course layer can also lead to a change 
in the state of stress and strain in the subgrade material. As noted above, the increased 
stiffness of the base layer leads to a reduction of vertical stress in the subgrade. It is also 
expected that shear stress transmitted from the base aggregate to the subgrade would be 
reduced. Hence, this fourth reinforcement mechanism results from less shear stress 
being developed in the subgrade, which, when coupled with lower vertical stress, results 
in a less severe state of stress leading to lower vertical strain in the subgrade.   
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– Tensioned Membrane: the function of the geosynthetic to act as a tensioned 
membrane has been described in terms of subgrade confinement or restraint, 
increased subgrade bearing capacity and membrane support. For applied wheel 
loads causing impending shear failure of the subgrade and resulting in relatively 
large rut depths, the deformed shape of the geosynthetic would be as shown in 
Figure 29. The deformed shape of the geosynthetic and the resulting tension 
developed in the material creates an upward deflection of the wheel load and a 
downward confinement on the subgrade.  
 
 
Figure 29 Tensioned membrane function.  
 
Membrane support of the wheel load reduces the vertical stress applied to the subgrade 
Confinement of the subgrade increases its resistance to shear failure (i.e. bearing 
capacity). The reinforcement process is dependent on the rut depth developed. Initially, 
the load applied may exceed the subgrade strength, which allows rutting to occur. As 
rutting progresses under the condition that the applied load exceeds the strength of the 
subgrade, the geosynthetic begins to carry more load. This process continues until the 
stress on the subgrade is equal to a permissible level. At this point the system becomes 
stable and the rut depth reaches a constant value. To develop this mechanism, 
significant deformation of the roadway surface is necessary, which generally requires 
that the subgrade soil is weak and/or the traffic loads are heavy. Traffic must also be 
channelized (i.e. operating in the same travel path) for situations where a critical rut 
depth is reached after a series of traffic passes.  
 
2. SEPARATION: 
In many situations, fines from the underlying subgrade can contaminate the base course 
layer of a paved or unpaved road and may happen during or after construction. 
Contamination of the base course layer leads to a reduction of strength, stiffness and 
drainage characteristics, promoting distress and early failure of the roadway. Fines 
contamination also makes the base course layer more susceptible to frost heaving. The 
contamination process is far heavier in railways where the fast cyclic load of the trains 
wheels produce a ―pumping‖ action which promotes the fast upward movements of fine 
particles into the base and even the ballast layers, thus producing a fast decrease of their 
supporting capacity.   
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The function of separation refers to the ability of the geosynthetic to provide physical 
separation of subgrade and base materials both during contruction and during the 
operating life of the roadway or railway.  
It is illustrated in Figure 30. The function is defined by a prevention of mixing, where 
mixing is caused by some type of mechanical action. Mechanical actions causing 
mixing generally arise from physical forces imposed by construction or operating traffic 
and may cause the aggregate to be pushed down into the soft subgrade and/or the 
subgrade to be squeezed up into the base aggregate. If the subgrade is weak at the time of 
construction, then the combination of relatively thin initial base course lifts combined 
with heavy construction equipment generally means that the potential for mixing is 
greatest during construction. A properly designed geosynthetic separator allows the base 




Figure 30 Geosynthetic separation function.  
 
The strength and modulus of the separating geosynthetic is important only to ensure 
survivability of the material during contruction and operation of the roadway. The 
addition of a geosynthetic separator ensures that the base course layer in its entirety will 
contribute and continue to contribute its intended structural support of vehicular loads; the 




Filtration refers to the ability of the geosynthetic to filter fine soil particles from the 
subgrade from intruding into the base when water flows from the subgrade into the 
base. Water flow is most likely produced by the generation of excess pore water 
pressures in the subgrade as a result of repetitive traffic. Fine soil particles that become 
suspended in the pore fluid are filtered by the geosynthetic as water passes through it 
into the base. If filtration is needed, then a suitable geotextile having characteristics which 
prevent clogging while serving as a filter should be selected.  
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Available literature clearly demontrates the ability of both geotextiles and geogrids to 
reinforce unpaved roadways through the operation of the tensioned membrane effect. 
There is also evidence that indicates that for relatively small rut depths, the function of 
lateral base course restraint is important in providing improvement of unpaved roads. 
Experimental data suggests that this mechanism is viable for geotextiles but is more 
predominant when geogrids are used. The need for reinforcement increases as the 
strength of the subgrade decreases, the vehicle weight and passes increases and as the 
expected performance of the roadway becomes more stringent. The thickness of the 
base aggregate and whether the traffic is channelized or random will indicate the type of 
reinforcement function most appropriate for design. A thick base course section that can 
be placed in such a way as to minimize separation problems will develop as much as 
50% of the surface rut depth through vertical strain in the base. For this situation, 
geogrid reinforcement providing a lateral base course restraint mechanism will be most 
appropriate. For random traffic, it is unlikely that sufficient rut depth in any given spot 
will develop to mobilize the tensioned membrane reinforcement function. For this case, 
geogrid reinforcement providing a lateral base course restraint mechanism will again be 
most appropriate.  
For situations where the base is relatively thin, traffic is channelized and relatively large 
rut depths are permissible, the tensioned membrane reinforcement function is most 
appropriate. Both geogrids and high modulus geotextiles are potential candidates for 
this application. For situations where geogrid materials are more appropriate for 
reinforcement, a geogrid would need to be used in combination with a geotextile for 
required separation, filtration and drainage functions. Figure 31, which reports the 
results of experiments made in USA on 1996, clearly shows the advantage and savings 
that can be achieved through the inclusion of a geogrid and of a geogrid-geotextile 




 Figure 31 Unpaved test section geometry constructed in USA in 1996.  
 
In Figure 31, each section reached a rut depth of 75 mm after 2000 passes of a veichle 
having a gross weight of 185 kN. 
  
Transition Zones  SECTION 1 
34 
UNIVERSITA‘ DI PISA 
ARTER® geogrids and MACRIT® geocomposites, with their high technical properties, 
provide an excellent solution in both situations. Fig. 32 shows the use of ARTER® and 








 Figure 32b MACRIT® geocomposites for railway base reinforcement 
 
1.6.12 XiTRACK Polymer Reinforcement 
XiTRACK is a method of reinforcing and stabilising railway track using advanced 
polymer-based technology. Through special mixing equipment, a two component 
rapidly-reacting polymer is applied in a controlled distribution to the ballast geo-matrix. 
As the polymer penetrates the ballast it forms a 3-Dimensional reinforcing cage, or 
GeoComposite, which allows the track to move in a designed manner.   
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The GeoComposite permits the discrete nature of the ballast particles to be transformed 
into a highly resilient continuous flexible geo-pavement providing increased horizontal 
and vertical track stability. Flexibility and ductility in the track are maintained by the 
visco-elastic nature of the XiTRACK range of polymers.  
The engineering properties of the polymer are fully designable which allows differing 
levels of support strength, stiffness and damping to be achieved in the GeoComposite to 
ensure that the track retains desirable energy absorption properties. The polymer 
application is controlled in a designed way by the polymer properties, loading pattern 
and distribution on track. The XiTRACK Polymers are rapid-curing and treatment is 
usually complete within a few hours and track can usually be re-opened at line-speed. 
The process still allows conventional methods of track maintenance to be used post-
treatment (should the need arise) and drainage within the track is still fully maintained. 
The patented ‗XiTRACK‘ Technique has been specifically developed to meet the 
demands of modern ballasted track with increasing train axle weight, line-speed and 
track usage coupled with reduced maintenance schedules. XiTRACK can be used as a 
maintenance tool or during renewal to reduce track alignment problems which usually 
result in degraded ballast.  
Ballast performance is restored in a single treatment. 
 
   
 
   
 
Figure 33 Renewal work and steps for the use of the XiTRACK polymer treatment on the site 
Gravel Hole 
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1.6.13 Other Geotechnical Considerations 
The use of stone columns, HMA, soil cement, geosynthetic materials, and piles are all 
techniques that can be used to reduce differential settlement of an approach track by 
reinforcing or stabilizing a weak subgrade. However, consideration should also be given 
to maximizing the subgrade performance, especially during construction, with 
established geotechnical best practices such as the following: 
 Determining the soil characteristics prior to construction by performing in situ 
testing.u 
 Using select noncohesive soils or applying admixtures to existing soils if needed to 
improve subgrade strength. 
 Maintaining optimum moisture content and using correct compaction techniques for 
the soil type being placed, as well as ensuring adequate compaction when placing 
soil next to structures such as abutment backwalls. 
 Ensuring maximum and uniform soil density by performing adequate soil density 
testing during construction. 
 Removing ruts, crowning or sloping the subgrade surface, and/or using edge drains 
at the toe of the ballast section to prevent pocketing of free water in the track 
granular layer. 
 Lowering ground water levels or installing cutoff layers if needed to prevent 
capillary movement of ground water upward into cohesive soil embankments. 
 Allowing for adequate embankment width to accommodate the ballast/subballast 
depth. 
 Allowing for adequate embankment slope angles or the use of benches, retaining 
walls, or sheet piles for slope stability and control of erosion. 
 
A case where minimal maintenance has been performed on the approaches to an open 
deck steel bridge subjected to 40-ton axle load traffic is referenced by Joy et al. (2001). 
The approach embankments were constructed with a silty-sand material that was well 
compacted, and the paper stated that the performance of the approach was relatively 
good because of the embankment strength, width, and drainage. 
 
The track granular layer should also be adequate in terms of ballast and subballast 
material quality, layer depth, and cross section (Li et al. 2003). Granular layer 
recommendations include the following: 
 12-in. ballast layer depth, 
 Well-compacted subballast layer conforming to AREMA specifications in Chapter 
1, Section 2.11, of the AREMA Manual for Railway Engineering (AREMA 2005b). 
 Total granular layer depth (ballast plus subballast) using the formula in Chapter 1, 
Section 2.11.2.3, of the AREMA Manual for Railway Engineering (AREMA 2005b), 
and The use of wing walls attached to the back wall of the abutment or other 
methods to contain the ballast and prevent migration.  
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1.6.14 Rail Seat Pads on Open Deck Bridges and Direct-
Fixation Structures 
One category of track transition remedies involves reduction of the track stiffness on the 
stiff or structure side of the transition. This can be accomplished with elastomeric pads 
placed between the rail and rail seat. To be effective, the stiffness of the pads should 
match the track modulus of the atgrade approach using a methodology described by 
Kerr and Bathurst (2000), or the stiffness of the pads should meet damping 
requirements that attenuate high-frequency impact loads (Sasaoka and Davis 2005). The 
target vertical pad stiffness in Kerr and Bathurst 2000 is equal to the fastener spacing 
multiplied by the desired track modulus. For example, the pad stiffness for a direct-
fixation structure with fasteners at 30-in. centers needed to match a modulus of 3,000 
lb/in./in. on the approach track would be 90,000 lb/in. The pad stiffness for the same 
approach modulus to an open deck bridge with ties at 16-in. centers would be 48,000 
lb/in. TCRP Report 57 (Parsons Brinckerhoff Quade & Douglas 2000) gives typical rail 
vertical stiffness values for directfixation track as 75,000 to 150,000 lb/in. CRP-CD-3: 
Performance of Direct-Fixation Track Software: Design Guidelines and Software 
(Battelle 1999) indicates that pad spring rates below 100,000 lb/in. ease the transition to 
ballasted track. It should be kept in mind that these vertical stiffness values are based on 
deflection of the rail at maximum wheel load and include deflection of the tie and 
structure in addition to the pad. In the case of direct-fixation concrete structures, 
deflection of the concrete is negligible; however, in the case of wood or composite tie 
decks, compression of the tie material may represent a substantial part of the total rail 
deflection. 
 
1.6.15 Rubber Tie Mats 
Another technique to reduce the stiffness on a ballast bridge deck was developed in 
Japan in the 1970s for the Shinkansen high-speed network.  
According to Li et al. (2003), rubber mats were placed between the ties and ballast to 
reduce dynamic loads and ballast deterioration. The shape of the mats was designed to 
achieve a specific spring rate, and results of extensive testing indicated that the mats 
were effective in reducing ballast wear. There was no mention, however, of how well 
the mats attenuated the dynamic loads or the quality of their long-term performance. 
 
1.6.16 Reducing Track Stiffness on Ballast Deck Bridges 
Several test sites were established on a highdensity freight route to determine the 
effectiveness of various tie materials at reducing the track stiffness on ballast deck 
bridges (Sasaoka et al. 2005). In all cases, concrete ties were installed on the approach 
and on the ballast decks. Track measurements showed that modulus values on the 
bridges exceeded 8,000 lb/in./in. and were 2,000 to 3,500 lb/in./in. higher than modulus 
values on the approaches.   
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Two methods were tested to reduce the bridge track modulus: (1) replacing concrete ties 
with composite (plastic) ties on the bridge deck and (2) installing concrete ties on the 
bridge deck with 1-in.-thick rubber pads cast into the bottom of the ties. 
Figure 34 shows track modulus measured on the approaches and decks of bridges with 
three different tie types (concrete, composite, and concrete with rubber ties). As can be 
seen in Figure 34, both composite ties and concrete ties with rubber pads were 
successful at reducing the modulus on the bridge. The composite ties equalized the 
modulus of the bridge and the modulus of the approach, and the rubber pads reduced the 




Figure 34 Comparison of track modulus values for different ballast deck bridge tie types. 
 
1.7 Summary of Remedies 
Descriptions of a variety of track transition designs and remedies were found in the 
literature reviewed. In most cases, the techniques were aimed at either increasing the 
stiffness of the approach track or decreasing the stiffness and adding damping to the 
stiff track. Case studies in which at least initial performance improvements were noted 
included the following: 
 Use of longer ties and a concrete approach slab by MARTA to transition from 
ballasted at-grade track to direct-fixation structures. 
 Transition from at-grade ballasted track to a direct-fixation structure on a commuter/ 
intercity passenger service railway in the United Kingdom using an approach slab 
along with vertically adjustable direct-fixation fasteners to allow design tamping of 
the ballasted approach track. 
 Installation of stone columns to strengthen and improve the drainage of a weak 
bridge approach subgrade on a Union Pacific main line. 
 Design of a transition grade crossing system to smooth the track modulus across the 
approach to a highway crossing and reduce impact rail loads at the crossing on the 
New Jersey Transit Atlantic City line.  
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 Installation of tie pads on open wood-tie bridge decks having stiffness/resilience 
characteristics designed to match the track modulus of the approach track on 
Amtrak‘s northeast corridor and on a Norfolk Southern main line with 
freight/intercity passenger service. 
 Reduction of the track modulus on a Union Pacific ballast deck bridge by replacing 
the existing concrete deck ties with composite (plastic) ties or with concrete ties 
with a rubber pad cast into the tie bottom. 
 
The importance of following geotechnical best practices regarding soil selection, 
compaction, and drainage were also discussed in a number of studies. Properly designed 
and constructed subgrades can greatly minimize track transition problems. 
 
1.8 Analysis of Representative Track Transition 
Designs 
By analyzing the literature about all the researches made on typical transition methods 
and conditions is possible to find a lot of design models: each one predicts a number of 
track response parameters, including vertical rail deflections (y), track modulus (u), and 
ballast and subgrade pressures for various track configurations, component properties, 
and wheel loads.  
 
Representative transition configurations are the following: 
 At-grade ballasted track to direct-fixation aerial structure, 
 At-grade ballasted track to open deck bridge, 
 At-grade ballasted track to ballast deck bridge, 
 At-grade ballasted track with concrete approach slab to direct-fixation aerial 
structure, 
 At-grade ballasted track with HMA layer to direct-fixation aerial structure, 
 At-grade ballasted track with additional rails to direct-fixation aerial structure, 
 At-grade ballasted track with AREMA longtie approach to direct-fixation aerial 
structure. 
 
Track input variables are the following: 
 At-grade ballasted track: 
– 7-in. × 9-in. × 8.5-ft wood ties at 20-in. spacing,  
– 7.5-in. × 10-in. × 8.25-ft concrete ties at 28- in. spacing, 
– 12-in. ballast layer, 
– 8-in. subballast layer, and 
– Low, average, and high subgrade stiffness values (resilient modulus values of 2, 
10, and 20 ksi, respectively). 
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 Direct-fixation track: 
– Fasteners at 30-in. spacing, 
– Fastener stiffness values of 100, 150, 200, and 300 kip/in. 
 Open deck bridge: 
– Wood ties at 16-in. spacing. 
 Ballast deck bridge: 
– Concrete ties with 10-mm resilient tie pad at 28-in. spacing, 
– Concrete ties with 1-in.-thick resilient tie bottom pads at 28-in. spacing, and – 8- 
and 12-in. ballast layer. 
 HMA underlayment: 
 8- and 12-in. layer. 
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2 TRACK GEOMETRY AND 
TRACK QUALITY 
2.1 Track Settlement 
While traffic can tolerate a certain degree of unevenness in the track, a point is 
eventually reached at which the track geometry has to be improved. The minimum 
geometric quality to which the track has to be maintained is a function of the speed and 
type of traffic that is being carried. Clearly, tracks carrying high speed and/or passenger 
traffic will need to be maintained to an higher geometric quality than will tracks 
dedicated to low speed and/or freight traffic. The level of geometric quality that can be 
achieved above the minimum required is indicative of the time that it will elapse before 
the track will require resurfacing. Thus, no matter what the type of traffic being carried, 
there is always an incentive to achieve the highest geometric quality possible at the time 
of resurfacing. Routine maintenance by most railway administrations to correct 
geometry errors is carried out by combined tamping and lining machines. After the 
rectification of the geometry of the track by these machines, the loading from the traffic 
causes the ballast to compact and settle. Since the settlement is not uniform, faults in 
track geometry develop. Figure 35 shows the longitudinal rail head profile of one rail of 
a 100 m lengh of track. The vertical scale is as shown. The profiles refer to: 
 PRE TAMP: immediately prior to tamping; 
 POST TAMP: immediately following tamping; 
 1 MONTH: 1 month following tamping; 
 6 MONTHS: 6 months following tamping; 
 33 MONTHS: 33 months following tamping; 
 
A comparison between the PRE TAMP and the POST TAMP profiles shows that the 
tamping machine was very successful in removing the short wavelength faults in 
vertical geometry. 
A comparison between the POST TAMP, 1 MONTH, 6 MONTHS and 33 MONTHS 
profiles, shows the deterioration in the quality of vertical geometry that occurred under 
subsequent traffic.   
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Figure 35 Longitudinal railhead profile (a) and the associated track settlement at one location 
(b)  
 
Figure 35b shows the relationship between track settlement and time, for the typical 
section indicated. It can be seen that the rate of settlement is initially rapid but 
ultimately reaches a near stable condition. Of particular interest is the comparison 
between the PRE TAMP and the 33 MONTH profiles. 
It will be seen that these profiles are virtually identical. The track has clearly inherited 
its 33 MONTH geometry from the long term geometry associated with the previous 
maintenance cycle. The reasons for the persistence of this long term geometry are 
discussed in greater detail in a later section. 
Figure 36 shows similar longitudinal rail head profile data superimposed in a three 
dimensional form to separate the time intervals. 
Clearly it is differential track settlement and not total track settlement that is of prime 
interest to the track engineer, since it is differential settlement that gives rise to faults in 
vertical track geometry. 
 
 
Figure 36 Three dimensional presentation of rail head profile data 
 
2.2 Track Geometry 
Track geometry is three-dimensional geometry of track layouts and associated 
measurements used in design, construction and maintenance of railroadtracks. The 
subject is used in the context of standard, speed limits and other regulations in the areas 
of track gauge, alignment, elevation, curvature and track surface. Although, the 
geometry of the tracks is three-dimensional by nature, the standards are usually 
expressed in two separate layouts for horizontal and vertical.  
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2.2.1 Definitions 
Definitions for terms used throughout this dissertation are listed below. 
 
2.2.1.1 LAYOUT 
Horizontal layout—is the track layout on the horizontal plane. This can be thought of 
as the plan view which is a view of a 3-dimensional track from the position above the 
track. In track geometry, the horizontal layout involves the layout of three main track 
types: tangent track(straight line), curved track, and track transition curve (also called 
transition spiral or spiral) which connects between a tangent and a curved track.  
In Australia, there is a special definition for a bend (or a horizontal bend) which is a 
connection between two tangent tracks at almost 180 degrees (with deviation not more 
than 1 degree 50 minutes) without an intermediate curve. There is a set of speed limits 
for the bends separately from normal tangent track.  
 
Vertical layout—is the track layout on the vertical plane. This can be thought of as the 
elevation view which is the side view of the track to show track elevation. In track 
geometry, the vertical layout involves concepts such as crosslevel, cant and gradient. 
 
Reference rail—The reference rail is the base rail that is used as a reference point for 
the measurement. It can vary in different countries. Most countries use one of the rails 
as the reference rail. For example, the United States uses the reference rail as the line 
rail which is the east rail of tangent track running north and south, the north rail of 
tangent track running east and west, the outer rail (the rail that is further away from the 
center) on curves, or the outside rails in multiple track territory. For Swiss railroad, the 
reference rail for tangent track is the center line between two rails, but it is the outside 
rail for curved track.  
 
2.2.1.2 TRACK GAUGE 
Track gauge or rail gauge—(also known as track gage in the United States) is the 
distance between the inner sides (gauge sides) of the heads of the two load bearing rails 
that make up a single railway line. Each county uses different gauges for different types 
of trains. However, the 4 ft 8½ in gauge was the basis of 60% of the world's railways. 
 
2.2.1.3 TRANSVERSE ELEVATION 
Crosslevel or cross level—is the measurement of the difference in elevation (height) 
between the top surface of the two rails at any point of railroad track. The two points 
(each at the head of each rail) are measured at by the right angles to the reference rail. 
Since the rail can slightly move up and down, the measurement should be done under 
load. It is said to be zero crosslevel when there is no difference in elevation of both 
rails. It is said to be reverse crosslevel when the outside rail of curved track has lower 
elevation than the inside rail. Otherwise, the crosslevel is expressed in the unit of height.   
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The speed limits are governed by the crosslevel of the track. In tangent track, it is 
desired to have zero crosslevel. However, the deviation from zero can take place. Many 
regulations have specification related to speed limits of certain segment of the track 
based on the crosslevel. For curved track, most countries use the term cant to express 
the difference in elevation and related regulation 
 
Figure 37 The measurement of crosslevel between two rails 
 
Warp—is the difference in crosslevel of any two points within the specific distance 
along the track. The warp parameter in the track geometry is used to specify the 
maximum in the crosslevel difference of the track in any segment (tangents, curves and 
spirals). 
Without the maximum warp parameter, the regulation on crosslevel alone may not be 
sufficient. Considering rails with a positive crosslevel followed by a negative crosslevel 
followed by a sequence of alternating positive and negative crosslevels. Although, all of 
those crosslevels are in permissible parameter, when operating a train along such track, 
the motion will be rocking left and right. Therefore, the maximum warp parameter is 
used to prevent the critical harmonic rock-off condition that may result in the trains 
rocking back and forth and derailing following wheel climb.  
In the United States, the specific distance used for measurement to ensure that the 
difference in crosslevel of the track is within the permissible warp parameter is 62 feet. 
The design warp is zero for both tangent and curved track. That means, ideally, the 
crosslevel should not change between any two points within 62 feet. There are some 
deviations to allow crosslevels along the track to change (such as change for 
superelevation in curves). Different levels of those deviations from the zero warp 
specify the speed limits. The specification that focuses on the rate of change in 
crosslevels of curved track is contained within the area related to cant gradient 
 
2.2.1.4 LONGITUDINAL ELEVATION 
Track gradient—The term track gradient is relative elevation of the two rails along the 
track. This can be expressed in the distance traveled horizontally for a rise of one unit, 
or in terms of an angle of inclination or a percentage difference in elevation for a given 
distance of the track. The allowable gradients may be based on the ruling gradient 
which is the maximum gradient over which a tonnage train can be hauled with one 
locomotive. In some countries,momentum gradient which is a steeper but shorter 
gradient may be allowed. This is usually when there is a track gradient is connected to a 
leveled tangent track that is long enough with no signal between them so that train can 
build momentum to push through steeper grade than it can be without momentum.   
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In curved track (with or without cant), there will be curve resistance to push the trains 
through the curve. The allowable gradients may be reduced on curves to compensate for 
the extra curve resistance. The gradient should be uniform along the track. 
 
 
d = distance traveled horizontally 
Δh = rise 
l = slope length 
α = angle of inclination 
Figure 38 Track gradient 
 
Vertical curve—is the curve in vertical layout to connect two track gradients together 
whether it is for changing from an upgrade to a downgrade (summit), changing from a 
downgrade to an upgrade (sag or valley), changing in two levels of upgrades or 
changing in two levels of downgrades. Some countries do not have specification on the 
exact geometry of vertical curves beyond general specification on vertical alignment. 
Australia has specification that the shape of vertical curves should be based on quadratic 
parabola but the length of a given vertical curve is calculated based on circular curve.  
 
2.2.1.5 CURVATURE 
Curvature—In most countries, the measurement of curvature of curved track is 
expressed in radius. The shorter the radius, the sharper the curve is. For sharper curves, 
the speed limits are lower to prevent an outward horizontal centrifugal force to overturn 
the trains by directing its weight toward the outside rail. Cant may be used to allow 
higher speeds over the same curve. 
In the United States, the measurement of curvature is expressed in degree of curvature. 
This is done by having a chord of 100 feet connecting to two points on an arc of the 
reference rail, then drawing radii from the center to each of the chord end points. The 
angle between the radii lines is the degree of curvature. The degree of curvature is 
inverse of radius. The larger the degree of curvature, the sharper the curve is. 
Expressing the curve in this way allows surveyors to use estimation and simpler tools in 
curve measurement. This can be done by using a 62-foot string line to be a chord to 
connect the arc at the gauge side of the reference rail. Then at the midpoint of the string 
line (at the 31st inch), a measurement is taken from the string line to the gauge of the 
reference rail. The number of inches in that measurement is approximated to be the 
number of degrees of curvature. Due to the limitation of how specific train equipment 
can make a turn at maximum speeds, there is a limitation of minimum curve radiusto 
control the sharpness of all curves along a given route. Although most countries use 
radius for measurement of curvature, the term maximum degree of curvature is still 
used outside of the United States such as in India, but with the radius as the unit.  
 
Cant—In curved track, it is usually designed to raise the outer rail, providing a banked 
turn, thus allowing trains to maneuver through the curve at higher speeds than would 
otherwise be possible if the surface was flat or level.   
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It also helps a train steer around a curve, keeping the wheel flanges from pressing the 
rails, minimizing friction and wear. The measurement of the difference in elevation 
between the outer rail and the inner rail is called cant in most countries. Sometime the 
cant is measured in term of angle instead of height difference. In the United States, it is 
measured in height difference and called crosslevel, even for the curved track. When the 
outside rail is at higher elevation than the inside rail, it is called positive cant. This is 
normally the desired layout for curved track. Most counties achieve the desired level of 
positive cant by raising the outside rail to that level which is called superelevation. For 
Swiss railroad, the cant is done by rotating at the track axis (center of the two rails) to 
have outside rail super elevated (raised) at the half rate of the desired cant and the inside 
rail under elevated (lowered) at the same half rate of the desired cant.  
When the outside rail is at lower elevation than the inside rail, it is called negative cant 
(or reverse crosslevel in the United States). This is not usually a desired layout but it 
may be unavoidable in some situations such as curves involving turnouts. 
There are regulations which limit the maximum cant. This is to control the unloading of 
the wheels on the outside rail (high rail), especially at low speeds. 
 
Cant gradient—is the amount by which cant is increased or decreased in a given length 
of track. The change in cant is required in order to connect a tangent track (no cant) to a 
curved track (with cant) through a transition curve. The rate of change of cant is used to 
determine the suitable cant gradient for a given design speed. Track twist may also be 
used to describe cant gradient which may be expressed in percentage of cant change per 
length unit. However, in England, the term track twist is normally used in the context of 
cant gradient with higher values which are considered to be faults.  
In the United States, the required cant gradient on a transition curve to achieve smooth 
connection between superelevation of curved track and the zero crosslevel of tangent 
track is called superelevation runoff. In addition to the runoff specification, the 
regulations related to allowable rate of change in the cant is also part of the general 
specification on the rate of change in crosslevel called warp parameter. The warp 
parameter and superelevation runoff help calculate the required length of the runoff for 
a transition curve.  
 
Cant deficiency—As described, cant may be used to reduce lateral acceleration on 
trains traveling on curved track. This is to balance the centrifugal force (force pushing 
outward the curve) and centripetal force (force pushing inward the curve). At a higher 
speed, the centrifugal force is higher. On the contrary, higher cant creates the higher 
centripetal force. The calculation for this assumes a constant train speed on a constant 
radius curve. 
When the speed of the train and the amount of cant are in balance (centrifugal matches 
centripetal), it is called equilibrium. This would make the components of wheel to rail 
force normal to the plane of the track having the same in aggregate for the outside rail 
as for the inside rail. This would also make the passengers in the train not to perceive 
any lateral acceleration (a push toward sideway).   
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For a fixed amount of cant, the speed that creates balance is called equilibrium speed. 
For a constant speed of a running train, the amount of required cant to achieve the 
balance is called equilibrium cant. In practice, trains are not running on equilibrium 
cants at curves. The situation is called unbalance, which can be in one of the two 
following ways. For a given speed, if the actual cant is less than the equilibrium cant, 
the amount of cant difference is called cant deficiency. In the other word, it is the 
amount of missing cant to achieve the balance. On the contrary, for a given speed, if the 
actual cant is higher than the equilibrium cant, the amount of over cant from the balance 
is called cant excess. In a shared track configuration for trains with different operating 
speeds such as freight and higher-speed rail passenger services, the cant on a curve 
should be considered for both high and low speeds. The higher-speed trains would 
experience cant deficiency and the lower-speed trains would experience cant excess. 
These parameters have a significant effect on curve performance which includes safety, 
passenger comfort, and wear and tear of equipment and rails.  
 
2.2.1.6 ALIGNMENT 
Alignment—The term alignment is used in both horizontal and vertical layouts to 
describe the line uniformity (straightness) of the rails. The horizontal alignment (or 
alinement in the United States) is done by using a predefined length of string line (such 
as 62-foot in the US and 20 meters in Australia) to measure along the gauge side of the 
reference rail. It is the distance (in inches or millimeters) from the midpoint of the string 
line to the gauge of the reference rail. The design horizontal alignment for tangent track 
is zero (perfect straight line on the horizontal layout). The design horizontal alignment 
on the curved track in the United States is 1 inch for each degree of curvature. Any 
other readings indicate deviations. The vertical alignment (or profile in the United 
States, but not to be confused with rail profile) is the surface uniformity in the vertical 
plane. The measurement of uniformity is done using a predefined length of string line 
(normally the same length used in horizontal alignment) along the track. If the midpoint 
of the measurement has higher elevation, it is called hump deviation. On the other hand, 
if the midpoint has lower elevation, it is called dip deviation. These deviations from 
design alignment are used as parameters to assign speed limits 
 
2.2.2 Filtering of Measured Track Geometry 
For any given train speed, undulations in the track induce vertical vibrations in passing 
vehicles. Depending upon their frequency, these vibrations can have a deleterious effect 
on passenger comfort and vehicle ride which can result in track damage. The longer the 
wavelength of the undulation, the lower the frequency of the induced vibration. 
Very long wavelength undulations in the track induce very low frequency vibrations in 
the vehicles passing over them. In the vertical plane, these low frequency vibrations can 
be largely ignored. For example, at train speeds of 100 km/h, it is unlikely that 
undulations in the track having a wavelength in excess of 30 m will have a deleterious 
effect on either passenger comfort or vehicle ride.   
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Similarly, at 200 km/h, it is unlikely that wavelengths in excess of 50 m will be 
significant. Since there is no advantage to be gained from removing these longer 
wavelength undulations from the track, they can be removed from the measured track 
profile by filtering. Attention can then be concentrated on the remaining frequency of 
typical rolling stock in the lateral plane, these low frequency vibrations, and the longer 
wavelength track faults giving rise to them, cannot be ignored. 
Two types of filters are available for removing long wavelength components. Box Car 
and Triangular. A ―Box Car‖ filter ascribes to each point being considered (e.g. sleeper 
location), an elevation equal in value to the average of all the elevation values being 
considered by the filter.  
A triangular filter ascribes to each point being considered, an elevation equal in value to 
the average of all the elevation values being considered by the filter, such elevation 
values having been weighted in proportion to their distance from the point being 
considered. 
For example, the elevation values derived from the application of a 5 point triangular 
filter would be as shown in the Table 1: 
 
POSITION 1 2 3 4 5 6 
True Elevation (mm) 13 16 29 42 41 32 
Weighting 1/9 2/9 3/9 2/9 1/9 0 
Weighted Elevation 1.4 3.6 9.7 9.3 4.6 0 
Average elevation ascribed to position 3: 1.4+3.6+9.7+9.3+4.6=28.6mm 
POSITION 1 2 3 4 5 6 
True Elevation (mm) 13 16 29 42 41 32 
Weighting 0 1/9 2/9 3/9 2/9 1/9 
Weighted Elevation 0 1.8 6.4 14.0 9.1 3.6 
Average elevation ascribed to position 4: 1.8+6.4+9.7+14.0+9.1+3.6=34.9mm 
 
Table 1 Example of triangular filter 
 
All positions within the section of track being considered are processed in a similar 
manner. The line passing through the average elevations so determined, represents the 
filtered profile. The larger the number of points considered by a filter, the greater will 
be the smoothing effect of the filter, i.e. the greater will be the rejection of the short 
wavelength component of the profile being filtered. 
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2.3 Standard Deviation 
A convenient way of quantifying the geometric shape of a section of track is by its 
standard deviation with reference to a smoothed line from which the short wavelength 
components of the track geometry have been removed by filtering. 
 
 
Figure 39 Geometric shape of a track section with reference to a smoothed line 
 
Figure 39a shows the longitudinal vertical rail head profile of one rail of a length of 
track. Figure 39b shows the rail head profile with a superimposed smoothed line 
obtained by removing the short wavelength components of the track geometry by the 
application of 51 point triangular filter, each point corresponding to a sleeper position. 
In this example the standard deviation is 2.59 mm. The standard deviation in the case 
was determined over successive 200 m lengths of track. 
 
2.4 Measurement of Track Geometry 
It is often necessary to know the vertical profile of the existing track with respect to 
ground datum so that target profiles for the new track can be established. In addition to 
traditional systems for measuring track geometry based upon the use of optical levels, a 
number of alternative systems are now available. Examples of such systems are given 
below. 
 
2.4.1 Datum Lasers 
Lasers surveying follows the same general principles as conventional optical surveying. 
In laser surveying, however, a laser provides a datum to which levels are referred. 
Readings are recorded at the staff end, and it is thus possible to survey using a single 
operator. With this method a low power laser (generally about 2 mW) is set up to 
provide a collimated rotating beam of light which defines an horizontal plane. The beam 
may be either visible red or invisible infra-red. The range of the laser beam varies but is 
generally between 300m and 600m. A measuring staff is equipped with a laser light 
detector. The operator locates the laser beam by extending the measuring staff until an 
audible warning indicates that the center of the laser beam has been located.   
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The staff reading is then logged in the same manner as with conventional optical 
surveying. A number of different types of staff exist, some of which have integral 
detectors. An early type of staff had a motorised detector which travelled up and down 
until it located the laser beam. Upon locating the beam, the staff stopped moving and 
indicated to the operator, via an audible warning, that the reading should be logged. A 
modern variant is a completely solid state device which continuously locates the laser 
beam and displays the staff reading on a liquid crystal display. With some staffs, the 
extension is logged directly to a microchip when a button is pressed. Using this type of 
staff in connection with a hand-hel computer significantly reduces data processing time. 
The accuracy of laser surveying is approximately ± 1 mm. 
 
2.4.2 FROG Trolley 
The FROG system shown in Figure 40, was developed by British Railways.  
FROG measured the absolute, unloaded, longitudinal vertical profile of the track.  
The system comprises three sub-systems: 
 A trolley which runs on the rail; 
 A pair of highly accurate inclinometers, one measuring longitudinal slope, the other 
measuring cross level; 
 An Integral PC and Software.  
With the trolley stationay on the rails, the output of the inclinometer measuring 
longitudinal slope is fed to computer and stored. At the same time, the output of the 
inclinometer measuring cross level is also fed to the computer and stored. FROG is then 
moved forward to the next sleeper and the process repeated. 
 
                   
 
Figures 40 The FROG Trolley and a measuring track geometry 
 
On completion of the measuring run, the stored data is processed by the portable 
computer. The profile of one rail is calculated by placing end to end, the sequence of 
longitudinal slope measurements. The profile of the other rail is calculated by adding 
the cross level measurements to the longitudinal slope.  
The results of the FROG survey can be plotted, together with such information as the 
standard deviation of the left and right hand rails as shown in Figure 41. Alternatively, 
the data can be transferred to a standard spread sheet for further processing, e.g. 
calculation of the mean line and its standard deviation, and design calculations.   
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Figures 41 Example plots of FROG survey data 
 
2.4.3 Track Geometry Cars and Track Recording Cars 
A track geometry car (also known as a track recording car) is an automated track 
inspection vehicle on a rail transport system used to test several geometric parameters of 
the track without obstructing normal railroad operations.  
Some of the parameters generally measured include position, curvature, alignment of 
the track, smoothness, and the crosslevel of the two rails. The cars use a variety of 
sensors, measuring systems, and data management systems to create a profile of the 
track being inspected. 
By at least 1967, geometry cars had emerged. One of the earliest was Car T2 used by 
the U.S. Department of Transportation's Project HISTEP (High-Speed Train Evaluation 
Program). It was built by the Budd Company especially for Project HISTEP to evaluate 
track conditions between Trenton and New Brunswick, NJ, where the DOT had 
established a section of track for testing high-speed trains, and accordingly, the T2 ran 
at or greater than 150 miles per hour. Many of the first regular service geometry cars 
were created from old passenger cars outfitted with the appropriate sensors, instruments, 
and recording equipment; they were then coupled behind a locomotive. By at least 
1977, self-propelled geometry cars had emerged. Southern Pacific's GC-1 (built by 
Plasser American) was among the first and utilized twelve measuring wheels in 
conjunction with strain gauges, computers, and spreadsheets to give managers a clear 
picture of the condition of the railroad. Even in 1981, the Encyclopedia of North 
American Railroads considered this the most advanced track geometry car in North 
America. Track inspection was originally done by track inspectors walking the railroad 
and visually inspecting every section of track.  
 
This was hazardous as it had to be done while trains were running. It was also 
manpower intensive, and inspectors were limited in the amount of track they could 
inspect on a given day.   
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Manual instruments had to be used to measure various parameters of the track. The 
primary benefits of track geometry cars are the time and labor saved when compared to 
doing manual inspections of track. Track geometry cars may travel up to 217 miles per 
hour (335 kilometers per hour), inspecting track the whole time. More commonly, on 
freight railroads, geometry cars travel at track speed (up to seventy miles per hour) in 
order to minimize service disruptions. Current track geometry cars may cover large 
portions of the system in a single day. Many times, maintenance gangs will follow the 
geometry car and fix defects as the geometry car moves along the track. Because track 
geometry cars are full-sized rail cars (with the exception of some lighter hi-rail 
geometry cars), track geometry cars also provide a better picture of the geometry of the 
track under loading (when compared to the manual methods which did not take this into 
account). Finally, track geometry data is generally stored and can be used to track trends 
in the degradation of track. This data can be used to pinpoint and predict trouble spots in 
the track and plan maintenance programs accordingly.  
 
2.4.3.1 PARAMETERS MEASURED 
The tolerances of each parameter varies by the Track class of the track being measured.  
In the United States, geometry cars generally classify each defect as either "Class II" or 
"Class I" (though the exact name may vary by the railroad).  
A class II defect is known as a maintenance level defect, meaning that the track doesn't 
meet a particular railroad's own standards. Each railroad has their own standard for a 
maintenance level defect.  
A class I defect is a defect in violation of the Federal Railroad Administration's (FRA) 
track safety standards.Railroads must fix these defects within a certain period of time 
after their discovery or else they risk being fined. 
 Alignment - "Alignment is the projection of the track geometry of each rail or the 
track center line onto the horizontal plane," (FRA Definition). Also known as the 
"straightness" of the tracks. 
 Crosslevel - The variation in cant of the track over the length of a predetermined 
"chord" length (generally sixty-two feet). On straight or tangent track, ideally there 
should be no variation, while on curves, a cant is generally desired. 
 Curvature - The amount by which the rail deviates from being straight or tangent. 
The geometry car checks the actual curvature (inDegree of curvature) of a curve 
versus its design curvature. 
 Overhead lines (or catenary) - Measures the height and stagger of contact wire, the 
position of catenary masts or poles, and the positions of the wire bridges if 
applicable.  
 Rail gauge - The distance between the rails. Over time, rail may become too wide or 
too narrow. In North America and most of the world, standard gauge is 4 feet, 8.5 
inches. 
 Rail profile - Looks for rail wear and deviations from standard profile.  
 Warp - The maximum change in crosslevel over a predetermined chord length 
(generally sixty-two feet).   
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Track geometry cars can also measure: 
 Corrugation of running rail surface; 
 Third rail height and gauge; 
 Tunnel and station platform clearances; 
 Vertical gap between third rail and protective board 
 
Non-contact measurement and inspection method 
a. Laser Meas 
b. Accelerometers 
 Used measuring measure alignment by finding the acceleration in a 
certain direction and then integrating until a position is obtained. These 
positions are then used to create artificial chords to measure various 
several parameters. 
 Used to obtain ride quality measurements. If certain accelerations are 
reached or exceeded freight can be damaged or passengers may become 
uncomfortable. 
c. Video System - Captures video of the right-of-way for further analysis, as well as 
for Machine vision inspections of certain track components 
d. Gyroscope - Oriented in the vertical direction, used to measure cross level and warp. 
These are now obsolete, having been replaced by laser measurement systems.  
e. Proximity sensor - Used to measure surfaces, alignment, and gauge. These are now 
obsolete, having been replaced by laser measurement systems. 
 
2.4.3.2 NEW MEASUREMENT TRAIN (NMT) 
The Network Rail New Measurement Train (NMT) is a specialised train which operates 
in the United Kingdom to assess the condition of track so that engineers can determine 
where to work. It is a specially converted High Speed Train, consisting of two Class 43 
power cars (from a pool comprising vehicles 43013, 43014 and 43062) and a rake of 
Mark 3 coaches. It can check the condition of most main lines and some secondary 
routes in Great Britain over a 13 week rolling cycle. The trains are permitted to travel 
across any part of the network where HST are permitted as well as HS1. The train 
measures the contact between rails, wheels and the overhead electric supply line. Lasers 
and other instruments are used to make other measurements of the track geometry and 
other features such as overhead line height and stagger, and the track gauge, twist and 
cant. On the West Coast Main Line, particular care has to be taken to ensure that 
clearances are maintained for the use of tilting trains. The train captures video footage 
from the front and rear power cars, and video of the pantograph and wheel interfaces.  
The NMT was launched in 2003, though the vehicles are much older than this. Due to 
its all-over yellow livery, it has been nicknamed "The Flying Banana". In 2005 it won 
an award for Innovation in Engineering at the Railway Forum/Modern Railways 
Innovation Awards. Its formation is power car, messing car, development systems 
vehicle, track recording systems vehicle, meeting coach with conference area, messing 
car, and power car.   
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The development systems vehicle includes a vibrating platform close to the rails, 
detecting missing Pandrol clips. The vehicle also houses the pantograph used to detect 
faults in overhead wires. White lights next to the pantograph project a line followed by 
cameras to enable the height, stagger and wear of the contact wire to be monitored. The 
wear on the contact wire is measured as the width of a strip on the underside, where the 
pantographs of trains come into contact and wear away the cable. If the original 
thickness of the cable is known, this can be converted into a percentage of remaining 
area, which in turn when related to a maximum allowable wear can give an estimate of 
the remaining life left. No traction or system power is drawn using the pantograph, as 
the train is diesel powered. The track recording systems vehicle has banks of screens 
allowing the team of 3 operators to view a range of system outputs, including track 
faults, train location, and radio signal strength. On 24 March 2009 43013 was delivered 
to Brush Loughborough for fitting with an MTU engine. On June 23, 2009, 43013 was 
released from Brush after fitment of the MTU engine. On 7 October 2009 the MTU 




Figure 42 The New Measurement Train(NMT): Measurement of Track Geometrical Properties 
 
The Vertical Track Profile is represented by 35m Top Left and Right. 
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2.5 Track Quality 
The standard deviation of a section of track provides a convenient way of quantifying 
its geometric quality. The higher the standard deviation, the poorer the quality of the 
track. Figure 44 is an example of the way in which the quality of the track, in terms of 
standard deviation, changes during a maintenance cycle. In this case, the tamping 
machine has improved the standard deviation of the track from 2.9 mm to 1.2 mm. 
During the month following tamping however, there has been a relatively rapid 
deterioration in track geometry from a standard deviation of 1.2 mm to 2.2 mm. This 
has been followed by a slower rate of deterioration, which is approximately linear with 
time. After one year, the standard deviation has risen to 3.2 mm. 
 
Figure 44 Track quality changes during maintenance cycle 
 
2.5.1 Track Quality Standards 
The minimum quality to which track geometry may be allowed to deteriorate 
(‗Minimum Permissible Track Standard‘ or ‗Intervention Level‘) will depend, among 
other things, upon the minimum geometric quality of track that can be tolerated. This in 
turn will depend upon the type of traffic being considered, i.e., freight or passenger. 
For passenger trains, travelling at 200 km/hour, the limits in vertical smoothness given 
in Table 2 would be considered reasonable. In the case of lateral irregularlities for any 



























Table 2 Smoothness limits at 200 km/h  
Track Geometry and Track Quality  SECTION 2 
56 
UNIVERSITA‘ DI PISA 
2.5.2 Track Recording Cars 
Following track maintenance, there is a need to regularly monitor the geometric quality 
of the track to ensure that it has not fallen below the minimum required standard. Track 
recording cars such as that shown in Figure 42 (NMT), are well suited to this task, since 
they are able to make the required qualitative assessment of the geometric quality of 
track at a speed that is compatible with that of normal traffic. Recording cars are 
manufactured in the form of self-propelled vehicles, or coaches which can form part of 
a high speed train formation. Successive track recording can run over the same section 
of track allow track geometry deterioration trends to established. Once this has been 
done, the probable calculated and the required maintenance resources allocated. An 
acceleration in the rate of deterioration of a section of track from one maintence cycle to 
the next can be identified and the reason sought, e.g. the possible need for ballast 
cleaning. 
 
2.5.3 Falling Weight Deflectometer 
The falling weight deflectometer (FWD) device is used in the UK for the dynamic 
testing of ballasted railway track. Using the deflection data obtained from the test, 
elastic modulus values of the track substructure required to build a numerical model of 
the track can be determined using a procedure known as back-analysis. The numerical 
model so calibrated can be used to determine the effect of the traffic loads on the 
stresses, strains and deformations in the railway track system, and is an important 
component of an analytical approach to track substructure design. The use of dynamic 
finite-element analysis to back-analyse the material properties of the railway 
substructure from FWD deflection data has been demonstrated by means of many 
examples. The numerical approach presented is the rational method for FWD-based 
inverse analysis and condition evaluation of ballasted railway tracks, and becomes 




Figure 45 Schematic of FWD 
 
Traditional railway track combines materials such as the rail, fasteners, sleepers, ballast 
and sub-ballast in a structural system designed to withstand the combined effects of 
traffic and climate to the extent that, for a predetermined period, the subgrade is 
adequately protected and railway vehicle operating costs, safety and comfort of 
passengers are kept within acceptable limits.   
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Historically, this system has been designed by engineers relying on common practice 
and experience. 
However, the trend towards using faster trains and heavier axle loads, coupled with the 
need to minimize costs, necessitates a better understanding of this system and its 
unfluence on subgrade behavior.  
To facilitate this, numerical models of the railway track may be built to interrelate the 
components of the track superstructure and substructure for properly representing their 
complex interaction in determining the effect of train loads on the stresses, strains and 
deformations in the system. Such models require elastic parameters to be determined for 
each layer of the substructure. Tipically two parameters, the elastic modulus and 
Poisson‘s ratio, are used. Poisson‘s ratio is usually estimated: however, the elastic 
modulus must be determined from laboratory tests, or from an analysis of in situ 
measurements that closely represent the loading environment. One such measurement 
technique, originally developed for road and airfield pavements, is the falling weight 
deflectometer (FWD) methodology. The datad obtained from the FWD test may be 
used, together with a numerical model of the FWD load imposed on the track structure, 
to determine elastic modulus values of the railway substructure. 
The standard FWD device consists of a mass that is dropped from a known height onto 
a set of rubber buffers mounted on a circular footplate to produce a stationary impact 
force (Figure 45). The force is measured by a load cell on the centre of the plate, and 
geophones are used to measure surface velocity at various distances from the footplate. 
The velocities so obtained are integrated to give vertical displacements dn (deflection), 
where: 
– d is the displacement; 




Figure 46 Examples of FWD Time Histories. 
 
For railway tracks, the device is designed to apply a 125 kN load to a sleeper 
disconnected from the rails, via a 1-1 m long loading beam shaped to distribute the load 
to both ends of the sleeper.   
Track Geometry and Track Quality  SECTION 2 
58 
UNIVERSITA‘ DI PISA 
This loading system is considered to produce a load pulse that is similar to that applied 
by a single axle of a train travelling at high speed. 
The magnitude of the applied load is measured in the centre of the loading beam, and 
the geophones are lowered into place from the FWD apparatus onto the loaded sleeper 
and ballast respectively at various distances from the centre of the beam. 
The load is produced by dropping a large weight, and transmitted to the pavement 
through a circular load plate - typically 300mm diameter. A load cell mounted on top of 
the load plate measures the load imparted to the pavement surface. Deflection sensors 
mounted radially from the center of the load plate measure the deformation of the 
pavement in response to the load. Some typical offsets are 0mm, 200mm, 300mm, 
450mm, 600mm, 900mm, 1200mm 1500mm. T 
The deflections measured at these sensors are termed D0, D200, D300 etc. FWD data is 
most often used to calculate stiffness-related parameters of a pavement structure. The 
process of calculating the elastic moduli of individual layers in a multi-layer system 
(e.g. asphalt concrete on top of a base course on top of the subgrade) based on surface 
deflections is known as "backcalculation", as there is no closed-form solution. Instead, 
initial moduli are assumed, surface deflections calculated, and then the moduli are 
adjusted in an iterative fashion to converge on the measured deflections.  
This process is computationally intensive although quick on modern computers. It can 
give quite misleading results and requires an experienced analyst. Instead, many 
analysts use simplified methods to calculate related parameters that are empirical in 
nature. The most common is maximum deflection under the centre of the load plate 
(D0) which is related to empirical measures such as the Benkelman Beam deflection 
(after minor adjustment for differences in the two devices).  
Historically some used the radius of curvature (D0-D200) but this is out of favour now 
because it is clear that the steel loading plate of 300mm diameter affects the shape of 
the deflection bowl between the centre (D0) and the D200 sensor at 200mm. However 
this means that a lot of useful information about the shape of the deflected bowl is 
wasted. Horak and Emery have published indices that use this information: BLI=D0-
D300 and gives an indication of the basecourse performance, MLI = D300-D600 and 
gives an indication of the subbase performance, and LLI=D600-D900 and gives an 
indication of subgrade performance.  
These and other similar indices are known as shape factors. The FWD data can also be 
very useful in helping the engineer divide the length of the pavement into homogeneous 
sections.  
FWD data can also be used to calculate the degree of load transfer between adjacent 
concrete slabs, and to detect voids under slabs. 
So, FWD data is primarily used to estimate pavement structural capacity for overlay 
design and to determine if a pavement is being overloaded. Use includes (but is not 
limited to) highways, local roads, airport pavements, and railway tracks. The machine is 
usually contained within a trailer that can be either towed to a location by another 
vehicle or, when used on railway tracks, placed on a hand trolley and pushed to the 
location.  
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Minimum Value for safety 
(up to 25T axle load) 
30 
Minimum value for track formation 








Minimum value for new track 
(25T axle load) 
 
Up to 100 mph 60 
Above 100 mph 100 
 




Figure 48 FWD test  
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EXAMPLE OF FWD DATA AND RELATION BETWEEN STIFFNESS AND 
TRACK QUALITY 
The most obvious feature of these plots is that soft formation and low critical velocity 
are limited to a short length of track, between tests undertaken at 14m 275y to 14m 
328y. 
Figure 49 Examples of Results of FWD testing. 
 
There are further anomalies in the vicinity of OB 68 which are attributed to the 
underlying culvert and timber sleepers. Elsewhere the stiffness characteristics are 
typical of a good main line. The relationship between track quality and stiffness is 
complex.  However it has been observed from experience with the FWD in the UK that, 
for CWR, there is a crude relationship between FWD stiffness and track quality, 
provided that the ballast is in reasonable condition. For a track with a ―typical‖ scatter 
of stiffness values, a typical 35m top SD, in mm, is approximately twice the FWD 
sleeper deflection in mm. (For a uniform stiffness, a better track quality is expected, but 
where the stiffness is very variable, a poorer quality is obtained.) On the short section of 
track showing higher formation deflections it would be expected that this would lead to 
poor track quality and that rate of deterioration would be dependent on train speed as 
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2.5.4 Inherent Track quality 
Figure 50 shows two sections of track, 1 
km apart, both carrying the same traffic. 
The downward pointing arrows indicate 
tamping operations. The track shown in the 
upper part of the drawing has a standard 
deviation of 1.5 mm and has required 2 
tamping operations in 5 years to maintain 
the track quality at that level. Such a track 
can be regarded as having a good inherent 
quality. The track shown in the lower part 
of the drawing however, has a standard 
deviation of 3.2 mm and has required 6 
tamping operations in the same 5 years 
period, to maintain the track quality at that 
level and can thus be regarded as having a 





Figure 50 Tamping requirements as a function of track quality 
 
Since the magnitude of the faults giving rise to subsequent track quality deterioration, as 
indicated by initial track quality, are less in the case of the ‗Good‘ track than in the case 
of the ‗Poor‘ track, it would seem reasonable to expect that the rate at which the quality 
of the ‗Good‘ track subsequently deteriorated would also be reduced, as was the case. 
Since the two track sections are of the same age, have the same construction and carry 
the same traffic, the differences in inherent quality can probably, to a large extent be 
attributed to differences in the inherent shapes as discussed below. 
 
2.5.5 Conclusions Regarding Track Quality 
The conclusions that have been reached with regard to track quality can be summarized as 
follows 
1. Track has an inherent quality which is determined during the early part of its life, and which 
is a function of the quality of the components from which the track was constructed, as well 
as the smoothness and compactness of the supporting ballast bed. 
2. Track having a good inherent quality gives a good ride to traffic and requires little 
maintenance. 
3. Track having a poor inherent quality gives a poor ride to traffic and requires much 
maintenance. 
4. The advantages to be gained from good inherent quality are of value, no matter what the 
speed or type of traffic being carried.  
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2.6 Inherent Track Shape 
It has been observed over the years that track appears to have an inherent shape which 
remains with it throughout its life. This inherent shape appears to be introduced into the 
track at the time of its original construction. Achieving subsequent changes in the 
inherent track shape is very difficult. There can be little doubt that, to a large extent, 
Inherent track Quality is a function of Inherent Track Shape. 
 
2.6.1 Persistence of Inherent Track Shape 
An example of the way in which inherent track shape persists through a tamping cycle 
is shown in Figure 51. This figure shows the longitudinal rail head profile of one rail of 
a length of track following tamping. It can be seen that although the roughness of the 




Figure 51 Persistance of inherent track shape through a tamping cycle 
 
Figure 52 is an example of the way in which inherent track shape persists from tamping 
cycle to tamping cycle. The upper part of the figure shows the way in which the track 
quality of a section of track has changed over a number of years 
 
The improvements in track quality correspond to mechanical tamping operations. 
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Figure 52 Persistance of inherent track shape from tamping cycle to tamping cycle 
 
The moments in time at which track quality determinations were made are numbered, 
and the corresponding track profiles are shown in the lower part of drawing. The 
drawing show that no matter how many times the track is tamped, it always deteriorates 
towards the same inherent shape. 
 
2.6.2 Influence of Rail Shape and Ballast Surface Profile 
The reasons for the existence of an inherent track shape can be largely attributed to the 
shape of the rail and the profile of the supporting ballast bed as indicated 
diagrammatically in Figure 53. Figure 53a indicates that for short wavelengths of less 
than approximately 5 m, the bending stiffeness of the rail is high, compared with the 
resistance to deformation offered by the supporting ballast bed.  
Thus, the rail imprints, via the sleepers, the short wavelength component of its shape 
into the surface of the ballast bed. 
 
Conversely, Figure 53b indicates that for long wavelengths, the bending stiffness of the 
rail is low compared with the resistance to deformation offered by the supporting ballast 
bed, with the result that the track comforms to the long wavelength component of the 
surface profile of the ballast bed.  
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Figure 53 Influence of rail shape (a) and ballast shape(b) on track shape 
 
2.6.2.1 RAIL SHAPE 
Examples illustrating the persistence of rail shape are shown in Figure 54 and 55. 
 
Figure 54 Rail shape persisting following ballast renewal 
 
Figure 54 shows the longitudinal head profile of rail through the various stages of 
tamping following a ballast renewal. It can be seen from a comparison of rail head 
profiles corresponding to days 0 and 313, that despite ballast renewal and four tamping 
operations, the short wavelength features that existed in the rail prior to ballast renewal 
are still present 313 days after ballast renewal. Clearly, the original rail is once again 
imprinting its shape into the surface of the new ballast bed.  
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Figure 55 is an example of the way in which rail shape persists through a tamping 
operation. The figure shows the longitudinal rail head profile of both rails of 170 m long 
section of track from which the long wavelength component of the track geometry has 
been removed by filtering. 
 
 
Figure 55 Rail shape persisting following tamping 
 
A comparison of the shapes shows that the short wavelength component of the track 
geometry was temporarily removed by tamping, but had, to a large extent re-established 
itself during the two months which followed tamping. The original rail shape is once 
again imprinting its shape into the surface of the newly tamped ballast bed. 
Clearly, rails should be as straight as possible and to this end, great care must be taken 
to ensure that new rails are not bent during handling. Bends in existing rails should be 
removed by in situ rail straightening. 
 
2.6.2.2 TOP BALLAST SURFACE PROFILE 
Figure 56 is an example of the way in which the geometric shape of the track is 
influenced by the surface profile of the ballast bed upon which it is laid. This figure also 
shows the way in which the ‗as laid‘ surface profile of the ballast persists in spite of 
subsequent trafficking, and many tamping operations. The figure relates to the first 
three years in the life of a section of a newly constructed railway track. 
Trace 56A shows the uncompacted surface profile of the ballast layer upon which the 
track was ultimately laid. Trace 56B showas the longitudinal rail head profile of one rail 
of the track immediately following laying. The long wavelength component of the track 
geometry has clearly adopted the long wavelength component of the ballast bed upon 
which it has been laid.  
Traces 56C through F show the longitudinal rail head profiles that were achieved by the 









weeks following track laying, respectively.  
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Figure 56 Influence of ballast surface profile on track geometry 
 
It can be seen from the longitudinal rail head profile in trace 56G, that long wavelength 
geometric faults present in the surface profile of the ballast bed, as originally laid, are 
still present in the longitudinal profile of the rail despite 3 years of trafficking and 6 
tamping operations. In the case of new construction, ballast renewal or ballast cleaning, 
it is clear that every effort should be made to ensure that the ballast surface upon which 
the track is laid is compact and has a surface that is free from longitudinal and cross 
level faults. Techniques described in a later section allow such a ballast bed to be 
achieved. 
 
2.7 Improving the Inherent Shape of Track  
It will be clear from the foregoing, that permanent improvements to fundamental track 
shape can only be achieved by improving the shape of the rail and/or improving the 
surface profile of th supporting ballast bed. 
 
2.7.1 Rail Straightening 
Improvements in rail shape can be achieved by rail straightening which falls outside the 
scope of this dissertation. Improvements in ballast bed profile can be achieved by high 
lift tamping which is discussed in a later section. 
 
2.7.2 Tamping 
2.7.2.1 LIFT/SETTLEMENT RELATIONSHIP 
While improving track shape by rail straightening is effective, attempts to improve the 
surface profile of the supporting ballast bed by smoothing tamping is not usually found 
to be effective, there being a tendency following tamping, for the track to revert to its 
inherent shape as shown in Figure 52.  
Track Geometry and Track Quality  SECTION 2 
67 
UNIVERSITA‘ DI PISA 
The reason for this lack of success can largely be attributed to the phenomenon know as 
the lift/settlement relationship. 
In Figure 57, each point corresponds to a sleeper end. The lifts given by a tamping 
machine to the sleeper at the time of tamping, are plotted against the settlements that 
occurred in the subsequent 66 weeks of trafficking. The scatter that is apparent in the 
lift/settlement relationship is no doubt in some measure, due to the influence of rail 
shape. 
It can be seen that for relatively low lifts, the lift given by the tamping machine is 
approximately equal to the settlement that occurs in the subsequent 66 weeks of traffic. 
Thus, no lasting change in the inherent track shape has been achieved. This effect is 
oftrn referred to as ―ballast memory‖. For higher lifts however (i.e. greater than 25 mm 
in Figure 57) there is a residual lift, and a lasting improvement in the inherent shape of 
the track has been achieved. The track settlement of 4 mm corresponding to a zero 
tamping lift, is associated with ballast wear and compaction resulting from 66 days of 
normal trafficking. 
 
Figure 57 Sleeper settlement as a function of tamping lift 
 
In general, a high lift can be regarded as a lift which is in excess of the D50 size of the 
ballast, i.e. the sieve size that will retain 50% of a representative sample of the ballast 
being tamped. A possible explanation of this phenomenon is that for low tamping lifts, 
the tamping tines laterally squeeze the vertically compacted ballast which dilates, and 
expands upwards into the void between the ballast surface and the underside of the 
sleeper. The ballast skeleton deforms, but re-arrangement of the particles does not take 
place. Upon cotacting the underside of the sleeper, further deformation of the ballast 
skeleton is not possible. Since the arrangement of the ballast particles within the ballast 
skeleton has remained unchanged, re-imposition of the vertical traffic loading will re-
compact the ballast and the particles will adopt their original positions with respect to 
each other. The track will thus revert to its original geometry. 
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Where high tamping lifts are concerned, the tamping tines again laterally squeeze the 
vertically compacted ballast which dilates, and expands upwards. In this case however 
there is sufficient room for maximum ballast dilation to take place. Further tamping will 
result in additional ballast particles within the ballast skeleton has changed, re-
imposition of the vertical traffic loading will re-compact the ballast to a new skeleton 
and the track will adopt a new geometry. 
Limited head room and/or shortage of crib ballast, could preclude the use of high lift 
tamping as a means of improving the inherent quality of the track. 
Results similar to those shown in Figure57 have observed in South Africa and can be 
derived from data reported in America. 
 
2.7.2.2 HIGH LIFT DESIGN TAMPING 
Once the lift/settlement relationship for a site has been established, a high lift design 
tamp can be undertaken in which the DESIGN component ensures that the required 
track geometry is obtained, and the HIGH LIFT component ensures that the geometry 
achieved is long lasting. 
Figure 58 shows the data contained within Figure 57 re-plotted in the form of a 
lift/residual lift relationship.  
 
 
Figure 58 Residual sleeper lift as a function of tamping lift 
 
The relationship between lift and residual lift contained in Figure 58 was used to 
determine the lifts that needed to be applied by the tamper to the sleepers to achieve the 
52 week profile shown in Figure 59. Also shown are the pre-tamp profile, and the 
profiles corresponding to immediate post tamp and week 16. It can be seen that under 
traffic, the track settled from its immediate post-tamp profile, to a very acceptable ‘52 
week‘ profile as was intended. 
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Figure 59 Effect of design lift tamping on track geometry 
 
The short wavelength geometric faults in the vicinity of sleeper number 80 to 100 in the 
pre-tamp, post-tamp, week 16 and week 52 profiles, are undoubtedly associated with 
inherent rail shape. 
 
2.8 Benefits from Good Inherent Quality Track 
2.8.1 General Considerations 
The benefits to be gained from good inherent quality track are always of value since the 
maintenance interval is extended, and the vehicle ride is improved, no matter what the 
speed or type of traffic being carried. Speed and type of traffic determine the level to 
which the geometric quality of the track may be allowed to deteriorate before re-
surfacing is required. ‗Goodness‘ or ‗Poorness‘ of the inherent quality determines the 




Figure 60 Track quality effect on maintenance cycle lengh  
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Consider a passenger train running on a inherently poor quality track (Figure 60). 
Surfacing will be required when the intervention level is reached. Consider the same 
passenger train running on an inherently good quality track. The need to surface will not 
be reached so quickly, i.e. the maintenance interval is extended. A similar argument can 
be applied to freight traffic. Further considerations with regard to good inherent quality 
track are the associated low levels of tamping maintenance which result in low levels of 
ballast damage. These low levels of ballast damage and associated production of fine 
material, in turn, result in a long ballast life, and a long ballast cleaning cycle. 
Clearly, it costs money to achieve a good inherent track quality. However, it also costs 
money to live with the consequences of poor inherent track quality. In the case of 
freight traffic, the consequences of poor track geometry include: increased maintenance 
frequency, and/or poor track geometry resulting in excessive wear to track and train 
components, and poor ride resulting in damage to materials being carried. In the case of 
passenger traffic, a reduction in passenger comfort results ultimately in the loss of fare 
paying passengers who may well opt for altenative forms of transport. 
 
2.8.2 Conclusions Regarding Inherent Track Quality 
Good inherent quality track utilizes staright rails attached to sleepers resting on a 
geometrically smooth surface of a bed of compact ballast of uniform thickness which is 
in turn resting on a geometrically smooth surface of a compact sub-ballast layer. Such a 
track foundation gives the very best chance of compacting uniformly under traffic to 
give a stable track of inherently good quality, requiring minimum future maintenance. 
The track construction techniques described in the next section are compatible with 
these requirements. 
 
2.9 Achieved Good Inherent Quality Track 
Ballast cleaning and ballast renewal exercises provide ideal opportunities to improve the 
inherent quality of existing track since they provide access to all the components which 
dictate inherent quality. For similar reasons, ballast cleaning and ballast renewal can, if 
not carried out with great care, result in the formation of inherently poor quality track. 
For purposes of illustration, a ballast renewal operation will be considered. However, 
similar principles apply both to the construction of new track and to ballast cleaning. 
The key to the success of the method adopted is that the ballast is placed in layers. Each 
layer is compacted by the Dynamic Track Stabilizer, geometric faults associated with 
differential compaction being buried by the subsequently placed ballast layer. 
Geometric faults associated with compaction by the Dynamic Track Stabilizer of the 
final ballast layer are removed by the tamping machine which will still be on site. 
Such procedure is clearly preferable to compaction being achieved by normal traffic, 
and the importation of tamping machines to deal with the geometric faults that will have 
resulted from differential compaction.  
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Figure 61 Illustration of construction sequence with Dynamic track Stabilizer 
 
1. A shows the freshly cut surface of the original, highly compacted ballast layer. A 
typical depth of cut would be 400 mm 
 
The cutter bar of the ballast cleaner is operating under some form of ‗depth of cut‘ 
control, e.g.a ‗laser datum‘ as described before. Thus, the surface profile of the original, 
compact ballast layer will be free of longitudinal and cross level faults, and will have a 
cross fall that will ensure satistactory cross-track drainage. 
 
2. B shows the new loose ballst placed on the cut surface. C shows this layer following 
regulating and tamping, the ‗track lift‘ control system of the tamping machine being 
referred to the same datum as was the cutter bar of the ballast cleaner. 
3. D shows the ballast surface profile following one or more passes of the Dynamic 
Track Stabilizer. 
 
The ballast compaction induced by these passes of the Dynamic Track Stabilizer will 
have resulted in the formation of minor geometric faults in the surface profile of the 
ballast layer. Clearly, the better the quality of the tamping operation referred to in 2. 
above, the fewer will be the geometric faults revealed by the Dynamic Track Stabilizer. 
 
4. E shows the minor geometric faults referred to in 3.eradicated by the overlying of 
the next ballast layer. 
5. F and G show regulating, tamping and compacting operations identical to those 
described in 2. And 3. 
 
Operations H, I, and J are repeated as described in 4. and 5., respectively, until the time 
that the ballast bed reaches the required level, at which point the rails are de-stressed 
and the track is re-opened to traffic. 
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The final pass of the Dynamic track Stabilizer imparts a measure of lateral stability to 
teh track. Geometric faults associated with this pass cannot be removed since they are 
the last operation prior to re-opening the track to traffic. For this reason, the compaction 
control system of the Dynamic Track Stabilizer is activated, and the loss of track 
geometry associated with this last pass is reduced. In this way, loss of track geometry 
associated with the dynamic loading resulting from the initial passes of normal traffic, 
travelling at normal speed, is minimized. 
It will be seen from Figure 61 that the track foundation which has resulted from the 
operation described has all the properties required of a track having a good inherent 
track quality as specified before. Specifically, the sleepers are resting on the 
geometrically smooth surface of a uniform depth of clean ballast, in a state of uniform 
compaction, which is in turn resting on the geometrically smooth surface of a highly 
compacted, and stable sub-ballast layer. 
The procedures outlined above are now widely practiced and, when applied to ballast 
renewal exercises, have resulted in tracks having an initial geometric quality that allows 
them to be re-opened to traffic at full line speed immediately after ballast renewal. In 
addition, the inherent quality of the tracks are such thet the maintenance cycle is 
extended well beyond that which would be expected, had the ballast been renewed by 
more conventional means. 
On British Railways, the use of these techniques has allowed the old track to be 
removed, the ballast to be cleaned, new track to be replaced and reopened to traffic at 
the full line speed of 200 km/h, within 48 hour track possession. 
 
2.10 Summarizing 
The following conclusions can be drawn from discussion in this chapter: 
 
1. Tamping should only be undertaken when there is a need to improve track 
geometry. Tamping on a routine basis is bad practice. 
2. Low lift tamping is unlikely to achieve a permanent improvement in track quality. 
3. The inherent quality of existing track can be improved. 
4. The maintenance interval can usually be lengthened. 
5. Track can be constructed such that it has a good inherent quality. 
6. It is worth striving for a good inherent quality track no matter what the train speed 
and type of traffic. 
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3 RESEARCH DESCRIPTION 
The research focused the attention on 13 different sites found within National Network 
Rail, and it was carried out for approximately 6 months at the headquarters of the company 
ScottWilson (now called URS) in Nottingham (UK) in the winter of 2012.  
It was characterised by the following steps: 
 
3.1. A literature review of all searches performed on typical transition methods and 
conditions to find the 3 most widely used methods of reinforcement adopted in 
the transition zones in the UK.  
 
3.2. A study of the database of final reports about all the sites investigated in the UK 
by ScottWilson (now called URS) in 2008-2011 to select those characterised by 
the presence of transition zones where the use of one of the 3 types of 
reinforcements studied was recommended; 
 
3.3. A review of the list of some sites of National Rail Network interested from a 
renewal in the same years. We compared these 2 lists of cases on all the 10 
routes to find sites included in the both lists; 
 
3.4. After knowing the date of the functional renewal of the line on each site 
selected, a check of the GPR graph and of the Code Quality graph (CCQ) was 
undertaken to be sure that the Network Rail has used the particular 
reinforcement as recommended. So we finally found a list of sites good for our 
research; 
 
3.5. A search of records of raw data for all the selected sites: we were looking for 
existing track data and maintenance records. I found track geometry data with 
site details in Network Railway Database; 
 
3.6. Identification of the 13 sites and elaboration of raw data 
 
3.7. An analysis of all the data and parameters to understand the success or failure of 
the reinforcement adopted in each studied site. 
 
3.8. A conclusion about the results obtained. 
 
Each following paragraph describes one of the previous steps.  
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3.1 Analysis of the most widely used Methods of 
Reinforcement adopted in the UK 
In SECTION 1 of this thesis we presented all the results and conclusions of an 
investigation into track transition designs. The investigation included a review of available 
literature from the railway industry and an analysis of designs thought to be representative 
of, and applicable to, the rail transit environment.  
Therefore, we observed that the most widely used methods of reinforcement adopted in 
transition zones in the UK are the following: 
– Geogrid reinforcement (Paragraph 1.6.11); 
– Polymer XiTRACK reinforcement (Paragraph 1.6.12); 
– Micropiles (Paragraph 1.6.10). 
 
3.2 Study of the Database of Final Reports about all 
the Sites Investigated by ScottWilson/URS 
The management company of the National Rail Network commissioned the British 
company ScottWilson (now called URS) to investigate many sites in 2008-2011 to have 
final reports with design recommendations on the works that need doing to improve the 
quality of the track.  
URS has a database of hundreds of reports, so I was looking for those in which: 
– There is the presence of transition zones; 
– URS engineers recommended to use one of the 3 types of reinforcement. 
I made the first selection and I obtained about 50 possible sites which were of interest for 
our research. By analysing all the routes forming the National Network Rail, at first I 

















Figure 62 Map of the UK showing the 10 Routes of National Rail Network  
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3.3 Review of the List of Sites of National Rail 
Network interested from a Renewal 
We had not way of knowing if the management company of the National Rail Network has 
really followed the recommendation given by the URS engineers to use one of the 3 types 
of reinforcement. We luckily got a list of some sites of National Rail Network affected by 
a renewal in the same years. We then compared this list with the other 50 sites obtained 
from the URS database (as described above): this comparison between the 2 lists of cases 
on all 10 routes has provided us the first interesting sites for our research. 
 
Figure 63 Section of the list of the sites of National Rail Network on LNE interested from a 
renewal in 2008-2011  
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However, sites found were not sufficient in number to provide a scientifically valid result. 
 
3.4 The GPR graph and Code Quality graph (CCQ) 
Not having found a sufficient number of sites to have a scientifically valid result, we 
started again to inquire about the 50 sites obtained in the URS database: 4 of those were 
already valid for our research, but we had to find a higher number of sites. 
The management company of the National Rail Network, even though it had requested an 
investigation to the technicians of ScottWilson / URS, then could have decided to: 
– Do not perform any work on the line; 
– Perform simple maintenance work and tamping; 
– Perform a functional renewal on the line section, excluding the transition zone 
studied ; 
– Perform a functional renewal on the line section, including the transition zone 
studied but not by inserting one of the 3 types of reinforcement recommended; 
– Perform a functional renewal on the line section, including the transition zone 
studied by inserting one of the 3 types of reinforcement recommended; 
The variables involved were so numerous that the only way to be sure if one of the 3 
reinforcement methods studied have been used was to check the: 
 
a. the Ground Penetrating Radar graph (GPR)  
Ground-penetrating radar (GPR) is a geophysical method that uses radarpulses to image 
the subsurface. This non destructive method uses electromagnetic radiation in the 
microwave band (UHF/VHF frequencies) of the radio spectrum, and detects the reflected 
signals from subsurface structures. GPR can be used in a variety of media, including rock, 
soil, ice, fresh water, pavements and structures. It can detect objects, changes in material, 
and voids and cracks. GPR uses high-frequency (usually polarized) radio waves and 
transmits into the ground. When the wave hits a buried object or a boundary with different 
dielectric constants, the receiving antenna records variations in the reflected return signal. 
The principles involved are similar to reflection seismology, except that electromagnetic 
energy is used instead of acoustic energy, and reflections appear at boundaries with 
different dielectric constants instead of acoustic impedances.  
The depth range of GPR is limited by the electrical conductivity of the ground, the 
transmitted center frequency and the radiated power. As conductivity increases, the 
penetration depth decreases. This is because the electromagnetic energy is more quickly 
dissipated into heat, causing a loss in signal strength at depth. Higher frequencies do not 
penetrate as far as lower frequencies, but give better resolution. Optimal depth penetration 
is achieved in ice where the depth of penetration can achieve several hundred metres. Good 
penetration is also achieved in dry sandy soils or massive dry materials such as granite, 
limestone, and concrete where the depth of penetration could be up to 15-metre (49 ft). In 
moist and/or clay-laden soils and soils with high electrical conductivity, penetration is 
sometimes only a few centimetres.   
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Ground-penetrating radar antennas are generally in contact with the ground for the 
strongest signal strength; however, GPR air-launched antennas can be used above the 
ground. Cross borehole GPR has developed within the field of hydrogeophysics to be a 
valuable means of assessing the presence and amount of soil water. 
Individual lines of GPR data represent a sectional (profile) view of the subsurface. 
Multiple lines of data systematically collected over an area may be used to construct three-
dimensional or tomographic images. Data may be presented as three-dimensional blocks, 
or as horizontal or vertical slices. Horizontal slices (known as "depth slices" or "time 
slices") are essentially plan view maps isolating specific depths. Time-slicing has become 
standard practice in archaeological applications, because horizontal patterning is often the 
most important indicator of cultural activities. 
 
 
Figure 64 Example of GPR depth section (profile) showing a single line of data from the survey of 
the historic crypt shown above.  
 
GPR data used in this study was provided by Network Rail, and had been collected using 
two separate antennae, i.e. an IDS 400MHz antenna and a 1GHz GSSI antenna 
respectively, both suspended vertically above the centreline of the 4ft at an approximate 
height of 0.5m above rail level. Data was collected at approximately 40mph. 
 
b. the Code Quality graph (CCQ) 
As already presented, all existing track data and maintenance records (track geometry data) 
with site details are included in the Network Railway Database. 
In the section ―Track Geometry by Track Reports‖ is possible to view the ―Track 
Geometry Quality Charting‖ in ―CDDS Chart‖. For every mileage and on all routes, it is 
possible to find the Colour Code Quality graphs for the data: 
– worst top 35m 
– alignment 35m 
– alignment 70m 
– mean top 70m 
We are interested in analysing the CCQ worst top 35m.  
Every mile has been divided into 8 parts (220 yards), and considering the ―track history‖ of 
the line we can see the quality of the Track Geometry in relation to the code colours: 
 
The legend of colours used is presented on the side: 
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Figure 65 Example of CCQ graph  
 
By plotting the exact location of the site that we are studying, we get the following graph 




Figure 66 Typical historical SD for a section 
 
After getting to know the date of the functional renewal of the line of each selected site, an 
improvement in the track quality is visible in the Code Quality graph (CCQ) and in the 
GPR provide us with assurance that the staff of National Rail Network has used the 
particular reinforcement as recommended. We finally found a list of sites good for our 
research. These graphs were not obtained for all affected sites, so we had to reduce our 
selection. In the following I will not give CCQ graphs for all selected sites. 
 
3.5 Search of Raw Data of all Selected Sites 
3.5.1 Records 
According to the Track Standards Manual (Section 8: Track Geometry), the following shall 
be measured and recorded by the New Measurement Machine (NMT):  
– 3m and 5m twists;  
– The vertical profile of the rails, filtering out wave lengths greater than 35 metres;  
– The alignment of the rails, filtering out wave lengths greater than 35 metres.   
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We were interested in the vertical profile of the rails, filtering out wave lengths greater 
than 35 metres which we called TQ 35 m. 
The Standard Deviation (σ ) must then be calculated using the Standard Deviation equation 





So, we were looking for those existing track data and maintenance records. I found track 
geometry data with site details in Network Railway Database. 
 
3.5.2 Data 
The data searched for each site are those of the track geometry, and in particular: 
 
 The Vertical Profile (TQ) of the rails, with wavelengths greater than 35 metres 




Figure 67 Comparison between the filtered and the unfiltered data 
 
 
This datum is a key parameter, which plays a large part in the decision to renew as 
well as reflecting the general condition of track and trackbed. Most railways collect 
this type of data regularly for the purpose of monitoring track quality; it is broken 
down into section typically 100m to 200m long. The data actually contains much 
information which relates to the performance of the track locally, which is evident 
in the raw data, although it is difficult to compare the data run on run, mainly 
because of problems of aligning successive datasets. 
 
 The Mean Standard Deviation (SD) is the mean value of standard deviation 
obtained from the different records before the renewal or after the renewal (mm). 
SDs are calculated at the Network Rail data centre and are based on an 1/8th mile 
(approx. 200m) section. Any given section of track has particular component and 
trackbed properties which determine the best quality that can be achieved by a 
normal amount of maintenance. This is often referred to as the inherent track 
quality, although a precise definition of the term is impossible. The mean track 
quality over the study period is therefore considered as being indicative of the 
inherent quality.  
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 The Rate of Deterioration (RD), which evaluates the rate of deterioration of the 
mean standard deviation from the different datasets in the time analysed (mm/year). 
An increase in SD denotes deterioration as a result of differential settlement, while 
a decrease represents lifting of track.. 
 
After having identified the renewal date for all sites under study, the data were assessed at 
least 3 months earlier and 3 months after that date to be able to make a comparison. 
The TQ and SD give us a greater picture of the condition of the vertical profile and of the 
outcome. The RD is instead the rate of deterioration of track geometry over time. It is 
important to understand whether a reinforcement has been immediately successful, and in 
time, possibly get an idea of trends in terms of speed and extent of its deterioration: as it 
stands, we should maintain the high quality track for a sufficiently long enough time 
without having to intervene. The records obtained were carefully filtered by variations, due 
to simple periodic maintenance work. This work was not relevant in our research and could 
have affected results. 
As shown later, we evaluated separately both the filtered 35m vertical profile and the 
performance of the SD, before and after the renewal work These were then compared, with 
the performance of the RD (Figures 83 and 84). Everything has been plotted for the half 
mile (880 yards) containing each of the sites concerned.  
The data searched was not available for all the analysed sites, so our selection has had to 
undergo a further reduction: we finally got a list of 13 sites good enough for our study. 
 
3.6 Identification of the 13 Sites and Elaboration of 
Raw Data 
3.6.1 Sites 
Our research involved hundreds of sites, but we finally selected 13 sites useful to our 
study. In the following paragraphs we will not give all the details or description of the 13 
sites studied as our intent is only to evaluate the success of the functional renewal of the 
line, with particular attention to the effects of both immediate and time on the track quality 
due the reinforcement techniques used 
We can say however, that these characteristics have variations, specifically: 
 traffic details 
 site details 
 line speed 
 track category 
This has allowed us to expand the search results to the largest possible field. 
The importance of following geotechnical best practices regarding soil selection, 
compaction, and drainage were also discussed in a number of studies. Properly designed 
and constructed subgrades can greatly minimize track transition problems. 
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Dividing the sites according to the type of reinforcement used: 
 
3.6.1.1 GEOGRID 
As just presented, this kind of reinforcement is often required and used: 
 To mitigate the differential settlement and stiffness problems from the relatively 
abrupt change from one type of track structure to another. 
 To better characterise the condition and behaviour of certain approaches, improving 
the substructure: for example to saturated subgrade with erratic historical TQ. 
 
In the beginning I focused my attention only on the sites on the LNE (London North East) 
route. It was possible to find 29 sites, and then we did 2 consecutive selections: at first we 
chose the 13 sites in which the use of geogrid reinforcement was recommended, then it was 
possible to take the 5 cases characterised by the presence of transition zones: 
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Table 4 First 5 sites identified 
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Figure 68 National Network Rail Map with the first sites object of the study 
 
I studied the final reports of trackbed investigation produced by ScottWilson for those 5 
sites, and for each one I chose track geometry data with site details in Network Railway 
Database for a time of 9 months before and after the renewal dates. I found all the data 
except about Pontefract Monkhill Station, so I had to exclude this case from the study. 
 
I obtained the data about all the sites characterised by the possible introduction of Geogrid 
treatment, and I unfortunately saw that the Plot Geometry doesn`t change so there are 2 
possibilities: 
– Network Rail did not follow the recommendation to put the geogrid in those sites 
– Network Rail followed the recommendation to put the geogrid but this work was 
unsuccessful.  
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The only place where it is visible a change of these graphics is Calverley. 
 
I had to find other places to use in my research, so I had to extend my investigation at all 
the territories of Great Britain and not only at LNE (London North East). This process 
helped me to find some good sites. 
 
We summarize in the table below the 10 sites found: 5 of them will be used in our study 
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Table 5 Sites with geogrid 
 
To use the informations contained in there, I had to convert the <.tpe> files into <.csv> 
files: so the data found were converted and processed.  
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NAME SITES WHERE SW 
RECOMMENDED USE OF 
GEOGRID 
DATA 





1_Allerton LNW Y Y Y N 
Renewal date 
unknown, Geometry 
Plot NO change 
2_Auchinleck 
Down 
SCO Y Y Y Y Geometry Plot change 
3_Bingley - 
Hirstwood 
LNE Y Y Y N 
NO renewal work but 
just a manteinance 
4_Calverley LNE Y Y Y Y 
NO transition zone 
but Geometry Plot 
change 
5_Crowthorne SE Y N N Y Geometry Plot change 
6_Croxdale 
Viaduct Down 
LNE Y Y Y N 
NO renewal work but 
just a manteinance 
7_Denmark Hill to 
Junction 
SE Y N N N 




LNE Y Y Y Y Geometry Plot change 
9_Potters Bar 
Platform 4 
LNE Y Y Y N 
NO renewal work but 
just a manteinance 
10_Redbridge 2 LNW Y N N Y Geometry Plot change 
 
Table 6 Sites with geogrid 
 
3.6.1.2 XiTRACK POLYMER 
I did not find many sites in which was used this treatment, and it was difficult to find their 
exact position on the National Railway Network, that it is the first step to find all the 
information about TQ of these places on Network Rail database. 
I fortunately found informations about 3 sites: 
 








































Table 7 Sites with XiTRACK polymer  
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3.6.1.3 MICRO-PILES 
It was difficult for me to find sites with those specific characteristics. I found something 
similar on the London North West territory (LNW). The name of the place is Gravel Hole, 
and micro-piles system was used there on the down-line on 20 march 2009. 
 


















Table 8 Sites with micropiles 
 
At the same time I found the report of another site where in 2009 the piled solution was 
adopted to improve the ground to support the railway and to remove a speed restriction 
following problems with drainage in soft peat that has led to track instability. This site is 
called Medge Hall and the renewal work has involved both the down line and up line in 4 
different locations:. 
 































Table 9 Sites with micropiles 
 
3.6.2 Raw Data 
To find the 13 sites for our study, I needed about 3 months to obtain raw data and finish the 
processing of all the files: I had some good raw data to elaborate. Then, I started to 
elaborate this data, and I obtained the first graphs: 
 





35 m Vertical Profile (mm) 
Minimum 3 
(every 3 months) 
Minimum 3  
(every 3 months) 
SD Graph 
Mean SD (mm) 
Minimum 3  
(every 3 months) 
Minimum 3  
(every 3 months) Trend of SD=RD 
(mm/year) 
GPR 1 1 
 
Table 10 Data elaborated and plotted  
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3.6.3 Example of Site Studied (CALVERLEY) 
We report the case of the site of Calverley as an example, to understand what has been 
done for all the sites to know if they were useful or not to our research. 
 
3.6.3.1 SITE-DETAILS 
Site Details were collated by the Network Rail Trackbed Team and are provided below 
along with actual investigation mileages completed on site. 
 
Site Name: Calverley 
Rail Line London North East - LNE 
LAST RENEWAL DATE 12 march 2011 
National Grid Reference (mid–point): 13602310 
Network Rail ID : SE234367 
Engineers Line Reference (ELR): TJC3 
Track ID / S&C Point Number(s): 1100 







Line Speed:   80mph 
Sleeper Type:   Concrete 
Track Category:   1 
Planned Renewal: Reballast, Rerail – Trax 
Planned Line Speed: Unknown, assumed current 
Planned Renewal Mileage: 199m 1530y to 200m 568y 
Planned Site Investigation Mileage: 199m 1430y to 200m 668y 
Actual Site Investigation Mileage 199m 1430y to 200m 668y 
 
Table 11 Site details 
 
3.6.3.2 FINAL REPORT OF SCOTTWILSON 
Job Location: TJC3 / UP SHIPLEY MAIN / 199m 1530y to 200m 568y 
SW Job Number: D119099 
Document No: D119099/LNE/PL/CALV/1 
Issue Date: 18
th
 July 2008 




FROM (m, y) TO (m, y) 
MINIMUM 
EXCAVATIO

















1 1:30 to Up 
Cess 
300 None Separator 
Design Justification: The underlying materials do not significantly risk the renewal, Separator will 
restrict intermixing.  
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FROM (m, y) TO (m, y) 
MINIMUM 
EXCAVATIO


























Design Justification: It is recommended to install a 100mm Sand Blanket to mitigate against the 
apparent subgrade erosion. Geogrid warranted due to saturated subgrade and erratic historical TQ. 
200m 375y 200m 568y 3.7 
1:30 to Up 
Cess 
300 None Separator 
Design Justification: The underlying materials do not significantly risk the renewal, Separator will 
restrict intermixing. 
1
 It should be noted that excavation width will be restricted to 3.3m and 3.4m at UB 28A and OB 
30, respectively. 
 
Not having reliable information about whether the technicians of the National Rail 
Network had actually followed the previous design recommendations inserting the geogrid 
in the transition zone, we analised the CCQ chart. 
 
3.6.3.3 CCQ CHART 
I checked the CCQ chart to check the trend of Track Quality in last years. So, i followed 
this procedure using a computer connected to the Network Rail Database. 
 





Figure 69 Screen view 1  
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Figure 70 Screen view 2 
 
– To select camera view, chart options and geometry parameter 




Figure 71 Screen view 3  
Research Description  SECTION 3 
89 
UNIVERSITA‘ DI PISA 
 




Figure 72 Screen view 4 
 
– From the CDDS chart I can have the CCQ worst top 35 m chart 




Figure 73 Screen view 5  
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Figure 74 Screen view 6 
 




Figure 75 Screen view 7 
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Figures 76 Historical SD for the 3 sections (CCQ) 
 
3.6.3.4 HSTRC DATA PROCESSING 





Figure 77 Screen view 8  
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Figure 78 Screen view 9 
 
I needed the Track Vertical Profile and Standard Deviation Plot recorded few months 





 19 July 2010 LR3KMO02190710.tpe NMT 
 18 October 2010 LR3KMO02181010.tpe NMT 
 24 January 2011 LR3KMO02240111ast1.tpe NMT 
RENEWAL 
DATE 
12 March 2011   
 23 May 2011 LR3KMO01230511ast2.tpe NMT 
 25 July 2011 LR3KMO02250711ast4.tpe NMT 
 24 October 2011 LR3KMO02241011ast5.tpe NMT 
 
Table 12 Files recorded 
 
To use the information contained in there, I had to convert the <.tpe> files into <.csv> 
files. I made each file smaller, cutting some parts of data which wasn‘t important for my 
research. In Design Recommendations of the final report did by ScottWilson, it was 
recommended to use Geogrid Reinforcement to mitigate against the stiffness variation in 
specific zones: 
FROM (m, y) TO (m, y) 
199m 1640y 200m 375y 
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For this reason I used as plot mileage the line: 
 
FROM (m, y) TO (m, y) 
199m 1448y 200m 568y 
 
3.6.3.5 GEOMETRY PLOT (raw data of TQ, SD and GPR) 
 
– PL Tamping 6 March 2008 (No data known) 
 
– PL Tamping 12 January 2009 (No data known) 
 
– 19 July 2010 
 
 
– 18 October 2010 
 
 
– 24 January 2011 
 
 
– 12 March 2011_Renewal date 
 
– 23 May 2011 
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– 25 July 2011 
 
 





– GPR Run Date = 06 July 2011 
 
Figures 79 Historical geometry plot with the site sketch  
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3.7 Analysis of all the Data and Parameters 
It includes an analysis of all the data and parameters to understand the success or failure of 
the reinforcement adopted in each studied site. 
 
3.7.1 Data 
As described before (Paragraph 3.6.2), the data used are: 
 35m filtered Vertical Profile (TQ) (mm) = trend of the track profile measured 
immediately before and after the renewal work. 
 Standard Deviation (SD) (mm) = trend of the standard deviation measured immediately 
before and after the renewal work. 
 Rate of Deterioration (RD) (mm/year) = trend of mean standard deviation obtained 






Figure 80 35m filteredVertical Profile(TQ), and 







Figure 81 Processing of data   
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Figure 82 Processing of trend of the mean Vertical Profile, of the mean Standard Deviation and of 
the Rate of Deterioration for each dataset (before or after renewal) to obtain the mean values  
  
Research Description  SECTION 3 
97 
UNIVERSITA‘ DI PISA 
3.7.2 Parameters 
The three classes of data have been developed in order to have more parameters indicative. 
 
1. In relation to the first datum of the Track Quality (TQ), the magnitude of the residuals 
has been calculated between the mean value of Mean TQ calculated before and after 
the renewal work.  
 
RTQ = abs value of [Mean value TQ (before renewal) – Mean value TQ (after renewal)] 
 
We did it on both the plain line (RTQL) and the transition zone studied (RTQT).  
It means that for the 880 yards containing the transition zone studied, we evaluated the 
2 different values of RTQ both for the transition zone and for the remaining part of the 
half mile of line considered. 
The comparison between the two corresponding values is a first indicator of the actual 
outcome of treatment, because it compares the situation on the transition zone to what 
happens on the rest of the railway line analysed. 
 
RTQ 
If RTQT > RTQL 
Transition zone improves compared to the rest of 
the plain line 
If RTQT < RTQL 
Transition zone worse compared to the rest of the 
plain line 
 
2. We evaluated the mean value of mean Standard Deviation (SD) on both the datasets 
temporally earlier the intervention and those following it. 
So, we defined the residuals between the mean value of SD calculated before and after 
the renewal work.  
 
RSD = [Mean value TQ(before renewal) – Mean value SD(after renewal)] 
 
RSD 
RSD > 0 
 Mean SD (before renewal) > Mean SD(after renewal) 
→ IMPROVEMENT 
RSD < 0 
Mean SD (before renewal) < Mean SD(after renewal) 
→ DETERIORATION 
 
It has been done the same evaluation both for the plain line (RSDL) that for the 
transition zone (RSDT). It means that for the 880 yards containing the transition zone 
studied, we evaluated the 2 different values of RSD both for the transition zone that for 
the remaining part of the half mile of line considered. 
 
RSD 
If  RSDT > RSDL 
Transition zone improves compared to the rest of 
the plain line 
If  RSDT < RSDL 
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3. We considered also the same as regards to the Rate of Deterioration. 
We evaluated the mean value of Rate of Deterioration (RD) on both the datasets 
temporally earlier the intervention and those following it. 
So, we defined the residuals between the mean value of RD calculated before and after 
the renewal work.  
 
RRD = [Mean value RD(before renewal) – Mean value RD(after renewal)] 
 
RRD 
RRD > 0 
Mean RD (before renewal) > Mean RD(after renewal) 
→ IMPROVEMENT 
RRD < 0 
Mean RD (before renewal) < Mean RD(after renewal) 
→ DETERIORATION 
 
It has always been done the same evaluation both for the plain line (RSDL) that for the 
transition zone (RSDT). It means that for the 880 yards containing the transition zone 
studied, we evaluated the 2 different values of RRD both for the transition zone that for 
the remaining part of the half mile of line considered. 
 
RRD 
If  RRDT > RRDL 
Transition zone improves compared to the rest 
of the plain line 
If  RRDT < RRDL 
Transition zone worse compared to the rest of 
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3.7.3 Comparison between data and parameters 
3.7.3.1 Mean values of TQ, SD and RD on the line and on the transition 
zone 
It has been possible to perform a first comparison Δ1 in order to understand what happens 
in the transition zones, in relation to the general behavior of the rest of the line concerned.  
 
This has been done by assessing both the numerical and percentage changes: 
 
 RTQ RSD RRD 
Δ1 
𝑅𝑇𝑄𝑇 −  𝑅𝑇𝑄𝐿 𝑅𝑆𝐷𝑇 −  𝑅𝑆𝐷𝐿 𝑅𝑅𝐷𝑇 −  𝑅𝑅𝐷𝐿 
𝑅𝑇𝑄𝑇 −  𝑅𝑇𝑄𝐿
𝑎𝑠𝑠(𝑅𝑇𝑄𝐿)
x100 
𝑅𝑆𝐷𝑇 −  𝑅𝑆𝐷𝐿
𝑎𝑠𝑠(𝑅𝑆𝐷𝐿)
x100 




The variation Δ1 in terms of simple difference between the parameter value on the plain 
line and that one on the transition zone is more important than the variation in percentage 
terms. In fact, the second gives us only qualitative information about the trend of the 
values of parameters. 
 
RSD and RRD 
SITUATION OF THE TRANSITION ZONE IN 
COMPARE TO THE REST OF THE LINE: 
Δ1 
< 0 WORSE 
> 0 BETTER 
 
In the following TEMPLATE B, a ―quality colour legend‖ can help to understand if this 
change was bad or good. 
 
3.7.3.2 Variable values of TQ, SD and RD on the line 
In addition to every single parameter, the value of percentage change Δ2 has also been 
evaluated between the single values of data SD and RD measured before and after the 
renewal, both for the transition zone that for the remaining part of the half mile of line 
considered. 
 
 SD RD 
Δ2 
𝑆𝐷𝑏𝑒𝑓𝑜𝑟𝑒 −  𝑆𝐷𝑎𝑓𝑡𝑒𝑟
𝑆𝐷𝑏𝑒𝑓𝑜𝑟𝑒
x100 




In comparison to Δ1, the variation Δ2 change in all sections of the 880 yards has been 
considered. 
The percentage variation of residuals of SD and RD between the situation before the 
renewal compared to the value of SD or RD measured after the renewal can be plotted to 
get a graph demonstrating graphic areas  
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The positive values mean there was an improvement of track quality on part of the railway 
line, while the negative values identify a part of the line characterised by a deterioration. 
 
 
SITUATION ON THE SECTION OF LINE 
ANALYSED 
Δ2 
< 0 WORSE 
> 0 BETTER 
 
3.7.4 TEMPLATES A and B 
I decided to create 2 different templates to show all the data and parameters and to obtain 
the first results. 
 
3.7.4.1 TEMPLATE A 
TEMPLATE A shows the 3 data plotted described before (Paragraph 3.7.1). 
It is divided into 2 parts by the site sketch with the right position of the transition zone.  
The data plotted are: 
 
a) 35m filtered Vertical Profile: the trend of the track geometry measured immediately 
before and after the renewal work, is plotted in a line graph as a continuous blue line. 
 
b) Standard Deviation Graph. It includes: 
– The Mean Standard Deviation measured immediately before and after the renewal 
work represented by a line graph as a continuos black line; 
– The variation of Standard Deviation that means the Rate of Deterioration: it is a 
graphic areas where the parts shaded in dark red quantify the possible increase in 
standard deviation on that part of the line, so a deterioration. Instead the parts 
shaded in yellow represent the part of the railway line where the mean standard 





It has the structure described below: 
– On the top there are the data about the state before the renewal functional. 
– In the middle there is the site sketch. 
– In the lower part there are the data about the period after the renewal date. 
 
So we evaluated separately both the Vertical Profile (TQ) and the performance of the mean 
standard deviation (SD and RD), before and after the renewal work (Figure 83), aided by 
GPR graph.  
Everything has been plotted for the half mile (880 yards) containing each of the sites 
concerned. 
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Figure 83 TEMPLATE A: Representation of 35m Vertical Profile(TQ), of the performance of 
standard deviation (SD and RD) and of GPR before and after renewal  
 
3.7.4.2 TEMPLATE B 
At the same time I created a new template (TEMPLATE B) to elaborate the 3 data and 
parameters described before.  
I needed a figure that represents the variation of all the parameters, to understand better the 
difference of the 3 types of treatment used. I obtained the template B in which the 
parameters studied are explained below: 
 
The data plotted are: 
 
a) 35m filtered Vertical Profile: the values of the track geometry (TQ) measured before 
the renewal (blue line) and after the renewal (red line) are plotted in the same line 
graph. 
 
b) Mean Standard Deviation. It includes 2 differents graphs: 
– A line graph which represents the Mean Standard Deviation measured before the 
renewal (blue line) and after the renewal (red line) 
– A graphic areas which represents the variation in percentage terms of: 
 
𝚫𝟐 =




The parts shaded in orange mean an improvement of the mean standard deviation 
on that part of the line, so a deterioration (Δ < 0). 
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Instead the parts shaded in yellow represent the part of the railway line where the 
mean standard deviation had a reduction, so the maintenance and renewal have 
been successful (Δ > 0) 
 
c) Rate of Deterioration. It includes 2 differents graphs: 
– A line graph which represents the Rate of Deterioration measured before the 
renewal (blue line) and after the renewal (red line) 
– A graphic areas which represents the variation in percentage terms of: 
 
𝚫𝟐 =




The parts shaded in pink mean an increase of rate of deterioration on that part of the 
line, so a deterioration (Δ < 0). Instead the parts shaded in violet represent the part 
of the railway line where the rate of deterioration had reduction, so the maintenance 
and renewal have been successful (Δ < 0) 
 
The TEMPLATE B has the structure described below: 
– On the top there are the 3 data described before. 
– Below this part there is the site sketch. 
– In the lowest part exists a summary table with 2 parts. 





Figure 84: TEMPLATE B: Analysis and representation of the trend of 35m Vertical Profile (TQ), 
of the SD and of the RD  
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A. MAIN RESULTS: 
 
 
Figure 85: Example of a ―MAIN RESULTS‖ table 
 
The values of the parameters residuals RTQ, RSD, RRD has been measured 
between the data got after and before the renewal on both the plain line and each 
transition zone. The variations of each parameter are quantifiable in: 
– in percentage terms:  
 












– in terms of a quality colour legend; 
 
 
The last 2 columns show the variation of each parameter due to the use of one of 
the 3 reinforcement methods used. The variation Δ1 (see paragraph 3.7.3.1) is 
express both in terms of simple difference between the parameter value on the 





Figure 86: Example of a ―COMMENTS‖ table 
 
In this part of the template, it is possible to read the first comments about the 
condition on the plain line and on the transition zone after the renewal work: there 
is the first conclusion about the success or not of the treatment. 
 
3.8 Conclusions 
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4 RESULTS AND ANALYSIS 
4.1 Results: TEMPLATE A and TEMPLATE B 



















1 Auchinleck Down SCO GSW 2100 24 july 2010 
2 Calverley LNE TJC3 1100 12 march 2011 
3 Crowthorne 
A 





LNE WAG1 1100 25 july 2010 


















6 Lea Bridge SE DWW2 1100 
25 december 
2009 
7 Lea Bridge SE DWW2 2100 
25 december 
2009 










9 Gravel Hole LNW CGJ6 2100 20 march 2009 
10 Medge Hall 1 LNE DOW 1100 
6 september 
2009 
11 Medge Hall 2 LNE DOW 1100 
6 september 
2009 
12 Medge Hall 3 LNE DOW 2100 
6 september 
2009 




Table 13 List of sites studied 
 
With regards to site 3, this has two transition zones very close to each other, so they have 
been called A and B without requiring two separate sites. Below are presented the 
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The situation is better because the TQ is enhanced, as is the Mean SD and the condition of Rate of Deterioration. At the end of this transition zone the effects of the 
geogrid are less evident; this is clear by the similar traces of TQ and the smaller improvement of the Mean SD that pertain to those areas.
The TQ line before renewal (BLUE) is worse then the line after renewal (RED). The Mean SD is getting better throughout the line, even if the Rate of Deterioration is a 









































































































































































































































































VARIATION ∆1 DUE TO 
GEOGRID TREATMENT
0,14 0,20 -0,06












Rate of Deterioration mm / year 0,09
Magnitude = absolut value of (TQ,
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Magnitude = absolut value of (TQ,































































1400 1440 1480 1520 1560 40 801640 1680 1720 120 160 200 240 440 480
The situation has not changed a lot: the TQ and the Rate of Deterioration are approximatly the same, but the Mean SD is worse than before.
Massive reduction of Mean SD but a Rate of Deterioration is the same. There has been a strong improvement in the magnitude of the 35m Vertical Profile, more than on 
the line. The situation on the transition zone has not improved on its length: there is a peak in the middle where a worse Mean SD and Rate of Deterioration is visible.
































































































































































BADQuality Colour Legend: VERY BAD
If we compare the situation of the line that has not improved at all with the line on the transition zone, even if the Rate of Deterioration were approximatly the same we 
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VARIATION AV. on Geogrid Zone A = -0.40 mm/year LINE:
MAIN RESULTS COMMENTS
LINE:
BEFORE AFTER % BEFORE AFTER % (%) BEFORE AFTER % (%)
GEOGRID ZONE B: 



















































































Y VARIATION ∆1 





Magnitude = Abs (TQ,








































































































































































































































































































840 880 920 960
61 61
440 480240 280 320 360 400 520 560 600 640 680 720
A huge reduction of the Mean SD is visible and there is an improvement in the magnitude of the variation of 35m Vertical Profile:  the Rate of 
Deterioration is much worse.
1000 1040 1080 1120
A clear change in the 35m Vertical Profile is visible, but the Mean SD is a lot less than before. The Rate of Deterioration is less than before.




































































































Underbridge 28A Underbridge 29A OverbridgeCulvert
GEOGRID A 
Direct Fastened Underbridge 1374 Underbridge 1375 Underbridge 1376






























































The Rate of Deterioration is getting worse throughout the line and in the 2 transition zones: follow maintenance has probably not been completed. We 
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1080 1120 1160920 960880600
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Magnitude = absolut value of (TQ,
 before renewal - TQ, after renewal)




















There has been a huge reduction in the Mean SD (3.25 mm/year). By the time the underbridge has been reached, the effects on the renewal of the line at the station are 
less evident, and there is a worse Rate of Deterioration.
The Mean SD has improved throughout the line, but the Rate of Deterioration is worse than before:  The situation improved totally just on the part of the line that passes 

































































































































































































































































































































































































































































Underbridge 28A Underbridge 29A OverbridgeCulvert
GEOGRID
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2,79Mean Standard Deviation -78%
0,28
Magnitude = absolut value of (TQ,

















































The magnitude of the 35 m Vertical Profile has improved, and there is an huge reduction in the Mean SD (3.98 mm). The Rate of Deterioration is better than before, but 
the improvement is not as strong as the other parameters.
The situation is much better: there is an improvement in the magnitude of the 35m Vertical Profile and a reduction in the Mean SD. The Rate of Deterioration is 























1760 320 360 4001520 1560 1600 1640 1680 1720 480 520 56040 80 120 160 200 240 280



































































































Underbridge 28A Underbridge 29A OverbridgeCulvert Underbridge 33Pontefract Monkhill Footbridge
GEOGRID
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The condition of the area across the bridge affected by the treatment with polymers is better than before, and better then the rest of the length of the line: there is a huge 
reduction of the Mean SD and of the Rate of Deterioration.
The situation is getting better as shown by all the parameters: the magnitude of the 35 m Vertival Profile is high, and there is a low reduction of the Mean SD, and of the 

















Magnitude = absolut value of (TQ,
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XITRACK POLYMER ZONE: 



























































































































































































































































































































Magnitude = absolut value of (TQ,



















The situation is getting better: the magnitude of the 35m Vertical Profile is higher than before, and there is an improvement in the reduction of Mean SD. This area is the 
only one caracterized by a reduction of the Rate of Deterioration after renewal.



































































































































































































BADQuality Colour Legend: VERY BAD
We do not have all the elements to estimate a significant improvement in the performance of the track due to the use of polymers, but looking at the conditions of the 
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BEFORE AFTER % BEFORE AFTER %
440 880 920560 600 720 760680 960
2,26 2,17- --


























































































































































































































































































































Better 35m Vertical Profile and better Mean SD. The Rate of Deterioration is worse.
The condition of the line has not changed in a regular manner: in the first part of its length, the Mean SD and the Rate of Deterioration are worse than in the second 
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- 0,25Magnitude = absolut value of (TQ,









































































The situation is better: there is an enhancement of the magnitude of the 35m Vertical Profile, and the Mean SD and the Rate of Deterioration are a little bit better.

























































































































































































































































































































































































































































Notes: The datasets dated :9/6/2009_8/9/2009_21/9/2010_21/12/2010_15/3/2011 were also available, but they gave different data as frequent maintenance work was occuring on the 
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The situation is much better: the Mean SD is lower than before, and the Rate of Deterioration has not changed but is was ok.
The situation is worse than before, because the new transition zone between the micro piles zone and the line is performing poorly. All the parameters are worse and 











Magnitude = absolut value of (TQ,







































































































































































Notes: The treatment was successful, even if it moved the problems to the new transition zones generated between the line and the micro piles zones. 
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Magnitude = absolut value of (TQ,





























The situation is a little bit better: The Mean SD is lower than before, even if the Rate of Deterioration is worse.
The situation is worse than before, because the new transition zone between the micro piles zone and the line is performing poorly. All the parameters are worse and 
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Magnitude = absolut value of (TQ,





























The situation before the renewal was very bad: there was a huge reduction of Mean SD and of the Rate of Deterioration.
The situation is worse than before, because the new transition zone between the micro piles zone and the line is performing poorly. All the parameters are worse and 
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The situation was good before the renewal. Either way, now it is is a lot better: the Mean SD is lower than before, and the Rate of Deterioration has not changed but is 
was ok.
The situation is worse than before, because the new transition zone between the micro piles zone and the line is performing poorly. All the parameters are worse and 


























































1 Magnitude = absolut value of (TQ, before renewal - TQ, after renewal)





























































































































































































































































































































LINE TRANSITION ZONE LINE TRANSITION ZONE LINE TRANSITION ZONE
(mm) (mm) (mm) (%) (mm) (mm) (mm) (%) (mm / year) (mm / year) (mm / year) (%)
2,58 3,89 1,31 51% 1,4 2,48 1,08 77% -0,06 0 0,06 97%
0,76 2,92 2,16 284% -0,33 1,73 2,06 624% 0,01 0,03 0,01 111%
B 2,07 2,6 0,53 26% 1,1 0,03 -1,07 -98% -0,11 -0,05 0,06 50%
A 2,07 2,25 0,18 9% 1,1 1,18 0,08 8% -0,11 -0,4 -0,29 -268%







































































T Mean Standard Deviation Rate of Deterioration
VARIATION ∆1RRD = before - afterRSD = before - after VARIATION ∆1
3,87 5,03 1,16 30% 0,62 3,98 3,36 540% -0,03 0,59 0,62 2041%
5,37 3,69 -1,68 -31% 0,45 1,94 1,5 334% 0,38 0,95 0,57 149%
3,19 6,7 3,51 110% 0,61 1,76 1,15 188% - - - -
2,26 2,17 -0,09 -4% -0,02 0,47 0,49 2331% 0,04 -0,65 -0,69 -1839%
0,25 1,58 1,33 532% 0,04 0,33 0,29 814% 0,18 0,03 -0,14 -81%
2,2 1,58 -0,62 -28% -0,72 0,67 1,39 192% -0,36 0,00 0,36 99%
3,58 1,53 -2,05 -57% -0,82 0,18 1 121% -0,13 -0,15 -0,02 -13%

































































































































































































































































































































































































































































































































-0,6 Auchinleck Calverley Crowthorne Pontefract Monkhill stn Redbridge Lea Bridge 1100 Lea Bridge 2100 Gravel Hole 1100 Gravel Hole 2100 Medge Hall 1100_1 Medge Hall 1100_2 Medge Hall 2100_1 Medge Hall 2100_2
GEOGRID XITRACK POLYMER MICRO PILES
Results SECTION 4 
132 
UNIVERSITA’ DI PISA 
4.2 Analysis of Results 
The values obtained are shown in the 3 subsequent tables, each of which relate to one of 3 



































1 2,58 3,89 1,31 51% 1,4 2,48 1,08 77% -0,06 0 0,06 97% 
2 0,76 2,92 2,16 284% -0,33 1,73 2,06 624% 0,01 0,03 0,01 111% 
3 
B 2,07 2,6 0,53 26% 1,1 0,03 -1,07 -98% -0,11 -0,05 0,06 50% 
A 2,07 2,25 0,18 9% 1,1 1,18 0,08 8% -0,11 -0,4 -0,29 -268% 
4 2,61 5,37 2,76 106% 0,54 3,25 2,71 502% -0,71 0,08 0,79 112% 
5 3,87 5,03 1,16 30% 0,62 3,98 3,36 540% -0,03 0,59 0,62 2041% 
 

































6 5,37 3,69 -1,68 -31% 0,45 1,94 1,5 334% 0,38 0,95 0,57 149% 
7 3,19 6,7 3,51 110% 0,61 1,76 1,15 188% -* -* -* -* 
8 2,26 2,17 -0,09 -4% -0,02 0,47 0,49 2331% 0,04 -0,65 -0,69 -1839% 
(* Note: Site 7, just 1 dataset available before the renewal, so there are no datasets from 
after renewal to compare) 
 

































9 0,25 1,58 1,33 532% 0,04 0,33 0,29 814% 0,18 0,03 -0,14 -81% 
10 2,2 1,58 -0,62 -28% -0,72 0,67 1,39 192% -0,36 0,00 0,36 99% 
  
Results SECTION 4 
133 
UNIVERSITA’ DI PISA 
11 3,58 1,53 -2,05 -57% -0,82 0,18 1 121% -0,13 -0,15 -0,02 -13% 
12 1,29 3,46 2,17 168% -0,14 2,1 2,24 1616% -0,19 0,14 0,32 175% 
13 2,35 0,94 -1,41 -60% -0,01 0,2 0,21 2132% 0,02 0,07 0,05 185% 
 
Putting together all these values of the three indicators evaluated for all sites, we can see 
graphically the variations between the values corresponding both to the plain line (in 
orange) and to the section of the track studied and characterised by a treatment (in green). 
This graphical view can facilitate the reading of the previous data. 
 
a) RTQ (mm) 
 
 
b) RSD (mm) 
 
 
c) RRD (mm/year) 
 
 
Figures 87: Values of RTQ, RSD and RRD both on the plain line (orange) and on the transition 
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4.2.1 Comments 
For reasons of length the graphs of TQ, SD and RD of all the 13 sites studied will not be 
shown, however they were used in conjunction with 3 parameters RTQ, RSD and RRD to 















The TQ before the renewal is worse then after. The Mean 
SD is getting better throughout the line, even if the RD is 
a bit worse than before. The situation on the 
transition zone is a lot 
better, so it is clear that the 
















The situation is better because the TQ is enhanced, as is 
the Mean SD and the condition of RD. At the end of this 
transition zone the effects of the geogrid are less evident; 
this is clear by the similar traces of TQ and the smaller 











The situation has not changed a lot: the TQ and the Rate 
of Deterioration are approximatly the same, but the Mean 
SD is worse than before. 
If we compare the situation 
of the line that has not 
improved at all with the 
line on the transition zone, 
even if the Rate of 
Deterioration were 
approximatly the same we 
could still conclude that the 















Massive reduction of Mean SD but a RD is the same. 
There has been a strong improvement in the magnitude of 
the 35m Vertical Profile, more than on the line. The 
situation on the transition zone has not improved on its 
length: there is a peak in the middle where a worse Mean 











A clear change in the 35m Vertical Profile is visible, but 
the Mean SD is a lot less than before. The Rate of 
Deterioration is less than before. 
The Rate of Deterioration 
is getting worse throughout 
the line and in the 2 
transition zones: follow 
maintenance has probably 
not been completed. We 
can conclude that only the 
treatment on the transition 













 The Mean SD is approximately the same and the Rate of 
Deterioration is less than before: the situation has not 













 A huge reduction of the Mean SD is visible and an 
improvement in the magnitude of the variation of 35m 










The Mean SD has improved throughout the line, but the 
Rate of Deterioration is worse than before: The situation 
improved totally just on the part of the line that passes 
through a train station. Probably they did a renewal on all 
this length but not on all the line. 













 There has been a huge reduction in the Mean SD (3.25 
mm/year). By the time the underbridge has been reached, 
the effects on the renewal of the line at the station are less 
evident, and there is a worse Rate of Deterioration. 
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The situation is much better: there is an improvement in the 
magnitude of the 35m Vertical Profile and a reduction in the 
Mean SD. The RD is approximatly the same on the line and a 
clear difference between the before and after renewal stages 
are not visible. 















The magnitude of the 35 m Vertical Profile has improved, and 
there is an huge reduction in the Mean SD (3.98 mm/year). 
The RD is better than before, but the improvement is not as 
















The situation is getting better as shown by all the 
parameters: the magnitude of the 35 m Vertical Profile is 
high, and there is a low reduction of the Mean SD, and of 
the average of Rate of Deterioration. In any case, the 
central area of the line, the TQ is very poor, and the RD is 
more homogeneous, therefore it looks worse. 













 The condition of the area across the bridge affected by 
the treatment with polymers is better than before, and 
better then the rest of the length of the line: there is a 











There is an improvement in the magnitude of the 35m 
Vertical Profile: in any case the TQ is very poor and the 
Rate of Deterioration after renewal is very high. 
We do not have all the 
elements to estimate a 
significant improvement in 
the performance of the 
track due to the use of 
polymers, but looking at 
the conditions of the rest of 
the line, we can conclude 
















Before renewal, just one dataset is available, so it is 
difficult to compare this one with the datasets from after 
renewal. Anyway, the situation is getting better: the TQ is 
higher than before, and there is an improvement in the 
reduction of Mean SD. This area is the only one 
caracterized by a reduction of the Rate of Deterioration 









The condition of the line has not changed in a regular 
manner: in the first part of its length, the Mean SD and 
the Rate of Deterioration are worse than in the second 
area, where they are better. For the latter, the average of 
the variation of all these parameters is very low. 
The reduction of the Mean 
SD is too low to compare 
the increase of the Rate of 
Deterioration, so we can 













 Better 35m Vertical Profile and better Mean SD. The 
Rate of Deterioration is worse. 
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 The condition of the line has barely changed: there is an 
enhancement of the magnitude of the 35m Vertical 
Profile, but the Mean SD and the Rate of Deterioration 
are approximatly the same. 
The treatment did not give 
great results, but it was 
successful, expecially 
because the speed limit 













 The situation is better: there is an enhancement of the 
magnitude of the 35m Vertical Profile, and the Mean SD 









The situation is worse than before, because the new 
transition zone between the micro piles zone and the line 
is performing poorly. All the parameters are worse and 
there is an increase of Mean SD and of Rate of 
Deterioration, expecially on the new transition zone. 
The treatment was 
successful, even if it 
moved the problems to the 
new transition zones 
generated between the line 












The situation is much better: the Mean SD is lower than 
before, and the Rate of Deterioration has not changed but 









The situation is worse than before, because the new 
transition zone between the micro piles zone and the line 
is performing poorly. All the parameters are worse and 
there is an increase of Mean SD and of Rate of 
Deterioration, expecially on the new transition zone. 
The treatment was 
successful, even if it 
moved the problems to the 
new transition zones 
generated between the line 












 The situation is a little bit better: The Mean SD is lower 










The situation is worse than before, because the new 
transition zone between the micro piles zone and the line 
is performing poorly. All the parameters are worse and 
there is an increase of Mean SD and of Rate of 
Deterioration, expecially on the new transition zone.  
The treatment was 
successful, even if it 
created new problems 
within the new transition 
zones generated between 













 The situation before the renewal was very bad: there was 












The situation is worse than before, because the new 
transition zone between the micro piles zone and the line 
is performing poorly. All the parameters are worse and 
there is an increase of Mean SD and of Rate of 
Deterioration, expecially on the new transition zone.  
The treatment was 
successful, even if it 
moved the problems to the 
transition zones from the 













 The situation was good before the renewal. Either way, 
now it is is a lot better: the Mean SD is lower than before, 
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The previous study showed that: 
 
Type of treatment Sites studied Failed Successful 
Geogrid 5 1 4 
XiTRACK Polymer 3 1 2 
Micro-piles 5 - 5 
 
Table 14 Success or not of the sites studied 
 
By collecting the mean values of the three parameters and of their variation between the 
transition zone and the plain line for the 3 types of treatments, we can have the following 
summary tables: 
 










Geogrid 3,68 2,11 0,04 
XiTRACK Polymer 4,19 1,39 0,15 
Micro-piles 1,82 0,70 0,02 
 
Table 15 Comparison between the Mean RTQT, Mean RSDT, , Mean RRDT  obtained for each 
category of sites having the same treatment 
 
Relating to the 13 sites, these results indicate: 
 The BEST vertical profile and rate of deterioration are where the XiTRACK 
polymer has been installed; 
 The BEST mean standard deviation is in the case of geogrid; 
 
It has also been possible to perform another comparison between the average values of the 
variation Δ1 in terms of simple difference between the parameter value on the plain line 
and that one on the transition zone: we can understand what happens in the transition 
zones, in relation to the general behavior of the rest of the line concerned.  
 










Geogrid 1,35 1,37 0,21 
Polymers 0,58 1,04 -0,06 
Micro-piles -0,12 1,03 0,11 
 
Table 16 Comparison between the Mean Δ1 obtained for each category of sites having the same 
treatment 
 
By analyzing this second comparison, the reinforcement method of geogrid was the best. 
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The two comparisons done before allow us to say which of the three treatments was better: 
as the results for geogrid and polymers are quite similar, but we can conclude that the first 
one was the best. 
 




By considering only the 11 sites where the treatments were successful, the mean values of 
the three parameters and of their variation Δ1 between the transition zone and the plain line 
for the 3 types of treatments, are collected in the following summary tables: 
 










Geogrid 3,89 2,52 0,06 
Polymers 5,20 1,85 0,95 
Micro-piles 1,82 0,70 0,02 
 
Table 17 Comparison between the Mean RTQT, Mean RSDT, , Mean RRDT  obtained for each 
category of sites having the same treatment 
 










Geogrid 1,51 1,86 0,24 
Polymers 0,92 1,32 0,57 
Micro-piles -0,12 1,03 0,11 
 
Table 18 Comparison between the Mean Δ1 obtained for each category of sites having the same 
treatment 
 
The results are approximately the same and we have the same conclusions: the geogrid 
treatment was the best. 
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5 CONCLUSIONS 
From the data analised, the treatment of geogrid has worked much better than the other 2 
treatments, so we can say that it is the best. 
 
By comparing the results and the parameters we have been able to determine a ranking of 
the different methods of reinforcement used in the transition zones. 
 
We have simply evaluated the success or not of the different treatments in different 
conditions and sites which there are many variables in: 
 Different traffic details; 
 Different geological characteristics, which are not always known 
 Different geotechnical characteristics, which also are not always known 
 
Therefore, currently it is not possible to provide guidelines to help the choice of the most 
effective treatment in relation to the specific characteristics of the site. 
 
This thesis wants to be a platform with which to investigate the future performance of 
different treatments of the trackbed in transition zones better. 
 
We intend to investigate these zones again further in the future, especially on the basis that 
the speed of many railway lines of the UK is expected to increase, as many other European 
nations have already done so a number of years ago. 
The UK’s first high-speed railway was the Channel Tunnel Rail Link which goes at 
186mph, while the planned HS2 train is expected to run at a top speed of 250mph. 
In this view for the "need for speed", there is still much to investigate and design, but the 
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